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DEVICE INCLUDING BONE CAGE AND
METHOD FOR TREATMENT OF DISEASE IN
A SUBJECT

For purposes of the USPTO extra-statutory requirements,

the present application constitutes a continuation of U.S.
patent application Ser. No. 12/386,973, entitled DEVICE

INCLUDING BONE CAGE AND METHOD FOR TREAT-
MENT OF DISEASE IN A SUBJECT, naming Ed Harlow,
Edward K. Y. Jung, Robert Langer, Eric C. Leuthardt, Eliza-
beth A. Sweeney and Lowell L. Wood, Ir. as inventors, filed
23 Apr. 2009, which 1s currently co-pending, or 1s an appli-
cation of which a currently co-pending application is entitled
to the benefit of the filing date.

SUMMARY

Devices, methods, and systems are disclosed herein for
stimulating an immune response 1n a subject. Devices, meth-
ods, and systems for preventing or treating an iniectious
disease or a pathological condition 1n the subject are dis-
closed. The pathological condition includes, but 1s not limited
to, infection by an infectious agent, imnfectious disease, neo-
plastic disease, atherosclerosis, hypertension, autoimmune
disease, diabetes, or substance addiction. In an aspect, the
disclosure 1s drawn to a device comprising one or more bone
cages configured to, and/or structured to at least partially or
completely surround one or more immunogens and one or
more adjuvants. The device including one or more bone cages
can be configured to, and/or structured to at least partially or
completely surround one or more cells or tissues that can
produce one or more immunogens and/or one or more adju-
vants. In an aspect, stem cells or tissues or other cell or tissue
types can be configured to restructure the one or more bone
cages. In an aspect, the device includes a bone cage that 1s
configured for implantation 1n a soit tissue of the subject. The
device 1s biocompatible 1n the subject.

The device including one or more bone cages refers to a
rigid, semi-rigid, or otherwise structurally supportive struc-
ture with one or more external walls, and at least one internal
cavity. The one or more bone cages can be structurally sup-
portive to mclude biologically active molecules, e.g., one or
more immunogens and/or one or more adjuvants, or one or
more cells or tissues producing one or more 1IMMUNOZENS
and/or adjuvants. The device, including one or more bone
cages, can be configured to deliver the one or more immuno-
gens and/or the one or more adjuvants to the soit tissue of a
subject and to raise an immune response to the immunogen
providing a method for treating, or vaccinating against a
pathological condition in the subject. The pathological con-
dition can include, but 1s not limited to, an infectious disease,
a neoplastic disease, atherosclerosis, hypertension, autoims-
mune disease, diabetes, or substance addiction. The device,
including one or more bone cages, can be configured to be
non-weight-bearing to the skeletal structure when implanted
into a soft tissue of a subject. The device, including one or
more bone cages, 1s non-weight-bearing, in that the device 1s
not configured to be implanted 1nto bone or a skeletal struc-
ture of the subject. The device including one or more bone
cages 1s not configured to provide intrinsic support to the bone
or skeletal structure of the subject.

A device 1s described that includes one or more bone cages
including one or more immunogens and one or more adju-
vants. The one or more bone cages can be configured to be
non-weight-bearing when implanted into a soft tissue of a
subject. The adjuvant can include a biologically derived
agent. The one or more adjuvants can include, but are not
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limited to, one or more of microbial derivative, plant deriva-
tive, biomaterial, biodegradable material, partially biode-
gradable material, virosome, lipid, lipopolysaccharide, lipo-
protein, lipopeptide, glycolipid, monophosphoryl-lipid
A/trehalose dicorynomycolate (“Rib1” adjuvant), saponins,
QS21, or squalene, polyoxyethylene sorbitan monooleate and
sorbitan trioleate (MF39), peptidoglycan, glycopeptide, pro-
tein, recombinant (or fusion) protein, insect venom, snake
venom, bacterial toxin, or nucleic acid derivative. The one or
more adjuvants can further include, but are not limited to, one
or more of an endogenous immunostimulatory adjuvant, a
cytokine, toll-like receptor, toll-like receptor agonist, T-cell
stimulatory molecule, or B-cell stimulatory molecule. The
toll-like receptor agonist can include, but 1s not limited to,
lipopolysaccharide, lipoprotein, lipopeptide, {flagellin,
double-stranded RNA, unmethylated CpG DNA strand, CpG
oligodeoxynucleotides, microbial DNA, or microbial RNA.
In an aspect, the adjuvant can include a synthetically dertved
agent. The one or more adjuvants can include, but are not
limited to, a mineral salt, o1l emulsion, particulate adjuvant,
polymer, non-polymeric material, inorganic material, organic
material, inorganic-organic composite material, non-degrad-
able material, aluminum salt, aluminum hydroxide, alu-
minium phosphate, calcium phosphate, squalene, oil-based
adjuvant, complete Freund’s adjuvant (CFA), incomplete
Freund’s adjuvant (IFA), or detergent-stabilized o1l-in-water
emulsion. The one or more immunogens can include, but are
not limited to, a microbial antigen, viral antigen, parasite
antigen, plant antigen, amimal antigen, endogenous antigen,
or synthetic antigen. The microbial antigen can include, but is
not limited to, a bacterial antigen, fungal antigen, or mold
antigen. The plant antigen or the animal antigen can include
an allergen 1n the subject. The endogenous antigen can
include, but 1s not limited to, a tumor antigen, atherosclerosis
related antigen, autoimmune disease related antigen, or obe-
sity related antigen. The synthetic antigen can include a drug.
The one or more immunogens can include, but are not limited
to, protein, lipid, lipoprotein, glycolipid, glycoprotein, pro-
teoglycan, polysaccharide, or lipopolysaccharide. The device
can be configured to be implanted subcutaneously, intramus-
cularly, intraperitoneally, intravenously, intraarterially,
intraarteriolarly, in capillary beds, subdermally, intrader-
mally, orally, rectally, or nasally.

In an aspect, the device can further include one or more
cells or tissues encapsulated in the bone cage and configured
to produce the one or more immunogens. The one or more
encapsulated cells or tissues can be cultured 1n vitro. The one
or more encapsulated cells or tissues can include, but are not
limited to, one or more of bacterial cells, eukaryotic cells,
parasite cells, msect cells, mammalian cells, or yeast cells.
The one or more encapsulated cells or tissues can be recog-
nized as self by a subject within whom the device 1s
implanted. The one or more encapsulated cells or tissues
include cells or tissues can be configured to be cultured 1n
vivo. The one or more encapsulated cells or tissues can
include cells or tissues cultured in vitro. The one or more
encapsulated cells or tissues can include genetically engi-
neered cells or tissues. The genetically-engineered cells or
tissues can express an immunogen including, but not limited
to, a bacterial antigen, viral antigen, parasite antigen, fungal
antigen, or tumor antigen. The one or more of the one or more
immunogens or the one or more adjuvants can be provided 1n
a form of at least one of biological vector, transiection vector,
viral particle or virus. The virus can include, but 1s not limited
to, adenovirus, adeno-associated virus, herpes virus, lentivi-
rus, retrovirus, alphavirus, poxvirus, arenavirus, vaccinia
virus, intluenza virus or picornavirus. In an aspect, the bone
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cage 1s configured to surround the one or more encapsulated
cells or tissues. In an aspect, the device can further include,
but 1s not limited to, one or more cells or tissues encapsulated
in the bone cage and configured to produce the one or more
adjuvants. The encapsulated cell can be configured to pro-
duce one or more of a cytokine, toll-like receptor, toll-like
receptor agonist, T-cell stimulatory molecule, or B-cell
stimulatory molecule.

In an aspect, at least one of the one or more immunogens or
the one or more adjuvants can be adsorbed to the bone cage
and configured to be presented to the tissue of the subject. In
an aspect, the at least one of the one or more immunogens or
the one or more adjuvants can be configured to be covalently
bound or 1onically bound to the bone cage. The at least one of
the one or more immunogens or the one or more adjuvants can
be released into the tissue of the subject 1n response to an
external stimulus. The at least one of the one or more 1mmu-
nogens or the one or more adjuvants can be released tempo-
rally. The at least one of the one or more immunogens or the
one or more adjuvants can be released temporally 1n response
to parasite-stage antigens or 1n response to a genetic shift in a
bacterial pathogen, a viral pathogen, or a parasite pathogen.
In an aspect, the different portions of the bone cage can be
configured to become permeable at different rates of release
of the at least one of the one or more immunogens or the one
or more adjuvants.

In an aspect, the device can be implantable. The device can
be biocompatible. The bone cage can include, but 1s not
limited to, organic bone, anorganic bone, demineralized
bone, or freeze-dried bone. The bone cage can be microma-
chined. The bone cage can include, but 1s not limited to,
autologous bone, allogeneic bone, or xenogeneic bone, with
respect to a subject within whom the device 1s implanted. The
bone cage can include, but 1s not limited to, synthetic bone or
artificial bone. The subject can be an animal. The animal can
include, but 1s not limited to, a domesticated animal, a farm
amimal, a marine animal, a sport animal, a wild animal, a
research animal, a zoo animal, a bird, an amphibian, a reptile,
a fish or a mammal. The mammal can be a human.

The bone can be treated to at least partially prevent restruc-
turing. The bone can be at least partially restructured. The
bone can be at least partially resorbable. The bone can be
immunogenic with respect to a subject within whom the
device 1s implanted. The bone can be non-immunogenic with
respect to a subject within whom the device 1s implanted. The
bone can be recognized as self by a subject within whom the
device 1s implanted.

In an aspect, a semi-permeable component at least partially
encloses the bone cage. The semi-permeable component can
be configured to enclose the bone cage. In an aspect, a semi-
permeable component at least partially encloses the one or
more cells or tissues. The semi-permeable component can be
configured to enclose the one or more cells or tissues. The
semi-permeable component can be at least partially sur-
rounded by the bone cage. The semi-permeable component
can be surrounded by the bone cage. The semi-permeable
component includes artificial membrane, cells with tight
junctions, plasma membrane, micelles, liposomes,
virosomes, 1ntracellular membranes, red blood cells, red
blood cell ghosts, or aggregated platelets. The semi-perme-
able component can include a component from at least one of
autologous cells, allogeneic cells, or xenogeneic cells, with
respect to a subject within whom the device 1s implanted.

In an aspect, the device can further include at least one of
polymeric nanoparticles, non-polymeric nanoparticles, or
microparticles, incorporating one or more of the one or more
immunogens or the one or more adjuvants 1nto the atleast one
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of the particles. The average size of the polymeric nanopar-
ticles, the non-polymeric nanoparticles, or the microparticles
can be between about 2 nm and 20 um. The average size of the
polymeric nanoparticles, the non-polymeric nanoparticles, or
the microparticles can be between about 2 nm to 5 um. The
one or more of the one or more immunogens or the one or
more adjuvants can be provided 1n a form of at least one of at
least one of microspheres, macrospheres, micelles, lipo-
somes, nano-capsules, micro-capsules, macro-capsules,
microbubbles or encapsulated 1n polymeric shells. The one or
more of the one or more immunogens or the one or more
adjuvants can be provided 1n a form of at least one of anionic
lipids, cationic lipids, halogenated anionic lipids, or haloge-
nated cationic lipids. The one or more of the one or more
immunogens or the one or more adjuvants can be provided 1n
a form of at least one of a solution, a suspension, an emulsion,
a dispersion, or a solid material.

A method for modulating an infectious disease 1n a subject
1s described that includes providing a device comprising one
or more bone cages including one or more immunogens and
one or more adjuvants. The one or more bone cages can be
configured to be non-weight-bearing when implanted into a
soit tissue of a subject. In an aspect of the method, providing
the device to the subject 1s efiective to prevent or treat the
infectious disease 1n the subject in need thereot. The adjuvant
can 1nclude a biologically derived agent. The one or more
adjuvants can include, but are not limited to, one or more of
microbial derivative, plant derivative, biomaterial, biode-
gradable matenal, partially biodegradable matenal,
virosome, lipid, lipopolysaccharide, lipoprotein, lipopeptide,
glycolipid, monophosphoryl-lipid A/trehalose dicorynomy-
colate (“Rib1” adjuvant), saponins, (QS21, or squalene, poly-
oxyethylene sorbitan monooleate and sorbitan trioleate
(MFE39), peptidoglycan, glycopeptide, protein, recombinant
(or fusion) protein, msect venom, snake venom, bacterial
toxin, or nucleic acid derivative. The one or more adjuvants
can further include, but are not limited to, one or more of an
endogenous immunostimulatory adjuvant, a cytokine, toll-
like receptor, toll-like receptor agonist, T-cell stimulatory
molecule, or B-cell stimulatory molecule. The toll-like recep-
tor agonist can include, but 1s not limited to, lipopolysaccha-
ride, lipoprotein, lipopeptide, flagellin, double-stranded
RNA, unmethylated CpG DNA strand, CpG oligodeoxy-
nucleotides, microbial DNA, or microbial RNA. In an aspect,
the adjuvant can include a synthetically derived agent. The
one or more adjuvants can include, but are not limited to, a
mineral salt, o1l emulsion, particulate adjuvant, polymer, non-
polymeric material, inorganic material, organic material,
inorganic-organic composite material, non-degradable mate-
rial, aluminum salt, aluminum hydroxide, aluminium phos-
phate, calcium phosphate, squalene, o1l-based adjuvant, com-
plete Freund’s adjuvant (CFA), icomplete Freund’s
adjuvant (IFA), or detergent-stabilized oil-in-water emulsion.
The one or more immunogens can include, but are not limited
to, a microbial antigen, viral antigen, parasite antigen, plant
antigen, animal antigen, endogenous antigen, or synthetic
antigen. The microbial antigen can include, but 1s not limited
to, a bacterial antigen, fungal antigen, or mold antigen. The
plant antigen or the amimal antigen can include an allergen in
the subject. The endogenous antigen can include, but 1s not
limited to, a tumor antigen, atherosclerosis related antigen,
autoommune disease related antigen, or obesity related anti-
gen. The synthetic antigen can include a drug. The one or
more immunogens can include, but are not limited to, protein,
lipid, lipoprotein, glycolipid, glycoprotein, proteoglycan,
polysaccharide, or lipopolysaccharide. The device can be
configured to be implanted subcutaneously, intramuscularly,
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intraperitoneally, intravenously, intraarterially, intraarteri-
olarly, 1in capillary beds, subdermally, intradermally, orally,
rectally, or nasally.

In an aspect, the method can further include providing one
or more cells or tissues encapsulated 1n the bone cage and
configured to produce the one or more immunogens. The one
or more encapsulated cells or tissues can be cultured 1n vitro.
The one or more encapsulated cells or tissues can include, but
are not limited to, one or more of bacterial cells, eukaryotic
cells, parasite cells, insect cells, mammalian cells, or yeast
cells. The one or more encapsulated cells or tissues can be
recognized as self by a subject within whom the device 1s
implanted. The one or more encapsulated cells or tissues
include cells or tissues can be configured to be cultured 1n
vivo. The one or more encapsulated cells or tissues can
include cells or tissues cultured in vitro. The one or more
encapsulated cells or tissues can include genetically engi-
neered cells or tissues. The genetically-engineered cells or
tissues can express an immunogen including, but not limited
to, a bacterial antigen, viral antigen, parasite antigen, fungal
antigen, or tumor antigen. The one or more of the one or more
immunogens or the one or more adjuvants can be provided 1n
a form of at least one of biological vector, transiection vector,
viral particle or virus. The virus can include, but 1s not limited
to, adenovirus, adeno-associated virus, herpes virus, lentivi-
rus, retrovirus, alphavirus, poxvirus, arenavirus, vaccinia
virus, influenza virus or picornavirus. In an aspect, the bone
cage 1s configured to surround the one or more encapsulated
cells or tissues. In an aspect, the device can further include,
but 1s not limited to, one or more cells or tissues encapsulated
in the bone cage and configured to produce the one or more
adjuvants. The encapsulated cell can be configured to pro-
duce one or more of a cytokine, toll-like receptor, toll-like
receptor agonist, T-cell stimulatory molecule, or B-cell
stimulatory molecule.

The method can further include providing one or more cells
or tissues encapsulated in the bone cage and configured to
produce the adjuvant. The encapsulated cell can be config-
ured to produce at least one of a cytokine, toll-like receptor,
toll-like receptor agonist, T-cell stimulatory molecule, or
B-cell stimulatory molecule. The bone cage can surround the
one or more encapsulated cells or tissues. In an aspect, at least
one of the one or more immunogens or the one or more
adjuvants can be adsorbed to the bone cage and configured to
be presented to the tissue of the subject. In an aspect, the at
least one of the one or more immunogens or the one or more
adjuvants can be configured to be covalently bound or 1oni-
cally bound to the bone cage. The at least one of the one or
more immunogens or the one or more adjuvants can be
released into the tissue of the subject 1n response to an exter-
nal stimulus. The at least one of the one or more immunogens
or the one or more adjuvants can be released temporally. The
at least one of the one or more immunogens or the one or more
adjuvants can be released temporally 1n response to parasite-
stage antigens or 1n response to a genetic shiit in a bacterial
pathogen, a viral pathogen, or a parasite pathogen. In an
aspect, the different portions of the bone cage can be config-
ured to become permeable at different rates of release of the
at least one of the one or more immunogens or the one or more
adjuvants.

In an aspect, the device can be implantable. The device can
be biocompatible. The bone cage can include, but i1s not
limited to, organic bone, anorganic bone, demineralized
bone, or freeze-dried bone. The bone cage can be microma-
chined. The bone cage can include, but 1s not limited to,
autologous bone, allogeneic bone, or xenogeneic bone, with
respect to a subject within whom the device 1s implanted. The
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bone cage can include, but 1s not limited to, synthetic bone or
artificial bone. The subject can be an animal. The amimal can
include, but 1s not limited to, a domesticated animal, a farm
amimal, a marine animal, a sport animal, a wild animal, a
research animal, a zoo animal, a bird, an amphibian, a reptile,
a fish or a mammal. The mammal can be a human.

The bone can be treated to at least partially prevent restruc-
turing. The bone can be at least partially restructured. The
bone can be at least partially resorbable. The bone can be
immunogenic with respect to a subject within whom the
device 1s implanted. The bone can be non-immunogenic with
respect to a subject within whom the device 1s implanted. The
bone can be recognized as self by a subject within whom the
device 1s implanted.

The method can further include providing a semi-perme-
able component to at least partially enclose the bone cage.
The semi-permeable component can be configured to enclose
the bone cage. In an aspect, the method can further include
providing a semi-permeable component to at least partially
enclose the one or more cells or tissues. The semi-permeable
component can be configured to enclose the one or more cells
or tissues. The semi-permeable component can be at least
partially surrounded by the bone cage. The semi-permeable
component can be surrounded by the bone cage. The semi-
permeable component includes artificial membrane, cells
with tight junctions, plasma membrane, micelles, liposomes,
virosomes, intracellular membranes, red blood cells, red
blood cell ghosts, or aggregated platelets. The semi-perme-
able component can include a component from at least one of
autologous cells, allogeneic cells, or xenogeneic cells, with
respect to a subject within whom the device 1s implanted.

In an aspect, the method can further include providing at
least one of polymeric nanoparticles, non-polymeric nano-
particles, or microparticles, incorporating one or more of the
one or more immunogens or the one or more adjuvants into
the at least one of the particles. The average size of the
polymeric nanoparticles, the non-polymeric nanoparticles, or
the microparticles can be between about 2 nm and 20 um. The
average size of the polymeric nanoparticles, the non-poly-
meric nanoparticles, or the microparticles can be between
about 2 nm to 5 um. The one or more of the one or more
immunogens or the one or more adjuvants can be provided 1n
a form of at least one of at least one of microspheres, macro-
spheres, micelles, liposomes, nano-capsules, micro-capsules,
macro-capsules, microbubbles or encapsulated 1n polymeric
shells. The one or more of the one or more immunogens or the
one or more adjuvants can be provided in a form of at least one
of amionic lipids, cationic lipids, halogenated anionic lipids,
or halogenated cationic lipids. The one or more of the one or
more immunogens or the one or more adjuvants can be pro-
vided 1n a form of at least one of a solution, a suspension, an
emulsion, a dispersion, or a solid material.

A method for modulating a pathological condition 1n a
subject 1s described that includes providing a device compris-
ing one or more bone cages icluding one or more 1mMmuno-
gens and one or more adjuvants. The one or more bone cages
can be configured to be non-weight-bearing when implanted
into a soit tissue of a subject. The pathological condition 1n
the subject can 1nclude, but i1s not limited to, neoplastic dis-
case, atherosclerosis, hypertension, autoimmune disease,
diabetes, or substance addiction. In an aspect, providing the
device to the subject 15 effective to prevent or treat the patho-
logical condition 1n the subject in need thereof. The adjuvant
can 1clude a biologically derived agent. The one or more
adjuvants can include, but are not limited to, one or more of
microbial derivative, plant dermvative, biomaterial, biode-
gradable material, partially biodegradable matenal,
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virosome, lipid, lipopolysaccharide, lipoprotein, lipopeptide,
glycolipid, monophosphorvl-lipid A/trehalose dicorynomy-
colate (“Rib1” adjuvant), saponins, QS21, or squalene, poly-
oxyethylene sorbitan monooleate and sorbitan trioleate
(MFE359), peptidoglycan, glycopeptide, protein, recombinant
(or fusion) protein, insect venom, snake venom, bacterial
toxin, or nucleic acid derivative. The one or more adjuvants
can further include, but are not limited to, one or more of an
endogenous immunostimulatory adjuvant, a cytokine, toll-
like receptor, toll-like receptor agonist, T-cell stimulatory
molecule, or B-cell stimulatory molecule. The toll-like recep-
tor agonist can include, but 1s not limited to, lipopolysaccha-
ride, lipoprotein, lipopeptide, flagellin, double-stranded
RNA, unmethylated CpG DNA strand, CpG oligodeoxy-
nucleotides, microbial DNA, or microbial RNA. In an aspect,
the adjuvant can include a synthetically derived agent. The
one or more adjuvants can include, but are not limited to, a
mineral salt, o1l emulsion, particulate adjuvant, polymer, non-
polymeric material, inorganic material, organic material,
inorganic-organic composite material, non-degradable mate-
rial, aluminum salt, aluminum hydroxide, aluminium phos-
phate, calcium phosphate, squalene, o1l-based adjuvant, com-
plete Freund’s adjuvant (CFA), incomplete Freund’s
adjuvant (IFA), or detergent-stabilized oil-in-water emulsion.
The one or more immunogens can include, but are not limited
to, a microbial antigen, viral antigen, parasite antigen, plant
antigen, animal antigen, endogenous antigen, or synthetic
antigen. The microbial antigen can include, but 1s not limited
to, a bacterial antigen, fungal antigen, or mold antigen. The
plant antigen or the amimal antigen can 1include an allergen in
the subject. The endogenous antigen can include, but 1s not
limited to, a tumor antigen, atherosclerosis related antigen,
autoimmune disease related antigen, or obesity related anti-
gen. The synthetic antigen can include a drug. The one or
more immunogens can include, but are not limited to, protein,
lipid, lipoprotein, glycolipid, glycoprotein, proteoglycan,
polysaccharide, or lipopolysaccharide. The device can be
configured to be implanted subcutaneously, intramuscularly,
intraperitoneally, intravenously, intraarterially, intraarteri-
olarly, 1in capillary beds, subdermally, intradermally, orally,
rectally, or nasally.

In an aspect, the method can further include providing one
or more cells or tissues encapsulated 1n the bone cage and
configured to produce the one or more immunogens. The one
or more encapsulated cells or tissues 1nclude cells or tissues
can be configured to be cultured 1n vivo. The one or more
encapsulated cells or tissues can include cells or tissues cul-
tured 1n vitro. The one or more encapsulated cells or tissues
include, but are not limited to, bactenal cells, eukaryotic cells,
parasite cells, msect cells, mammalian cells, or yeast cells.
The one or more encapsulated cells or tissues can 1nclude
genetically engineered cells or tissues. The genetically-engi-
neered cells or tissues can express an immunogen ncluding,
but not limited to, a bacterial antigen, viral antigen, parasite
antigen, fungal antigen, or tumor antigen.

The method can further include providing one or more cells
or tissues encapsulated 1n the bone cage and configured to
produce the adjuvant. The encapsulated cell can be config-
ured to produce at least one of a cytokine, toll-like receptor,
toll-like receptor agonist, T-cell stimulatory molecule, or
B-cell stimulatory molecule. The bone cage can surround the
one or more encapsulated cells or tissues.

A system 1s described that includes a device comprising
one or more bone cages including one or more immunogens
and one or more adjuvants. The one or more bone cages can
be configured to be non-weight-bearing when implanted into
a solt tissue of a subject. The adjuvant can include a biologi-
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cally derived agent. The one or more adjuvants can include,
but are not limited to, one or more of microbial derivative,
plant derivative, biomaterial, biodegradable material, par-
tially biodegradable material, virosome, lipid, lipopolysac-
charide, lipoprotein, lipopeptide, glycolipid, monophospho-
ryl-lipid A/trehalose dicorynomycolate (“Rib1” adjuvant),
sapomins, QS21, or squalene, polyoxyethylene sorbitan
monooleate and sorbitan trioleate (MF59), peptidoglycan,
glycopeptide, protein, recombinant (or fusion) protein, mnsect
venom, snake venom, bacterial toxin, or nucleic acid deriva-
tive. The one or more adjuvants can further include, but are
not limited to, one or more of an endogenous i mmunostimu-
latory adjuvant, a cytokine, toll-like receptor, toll-like recep-
tor agonist, T-cell stimulatory molecule, or B-cell stimulatory
molecule. The toll-like receptor agonist can include, but1s not
limited to, lipopolysaccharide, lipoprotein, lipopeptide,
flagellin, double-stranded RNA, unmethylated CpG DNA
strand, CpG oligodeoxynucleotides, microbial DNA, or
microbial RNA. In an aspect, the adjuvant can include a
synthetically derived agent. The one or more adjuvants can
include, but are not limited to, a mineral salt, o1l emulsion,
particulate adjuvant, polymer, non-polymeric material, 1nor-
ganic material, organic material, inorganic-organic compos-
ite material, non-degradable material, aluminum salt, alumi-
num hydroxide, aluminium phosphate, calcium phosphate,
squalene, oil-based adjuvant, complete Freund’s adjuvant
(CFA), mcomplete Freund’s adjuvant (IFA), or detergent-
stabilized oil-in-water emulsion. The one or more 1 mmuno-
gens can 1nclude, but are not limited to, a microbial antigen,
viral antigen, parasite antigen, plant antigen, animal antigen,
endogenous antigen, or synthetic antigen. The microbial anti-
gen can include, but 1s not limited to, a bacterial antigen,
fungal antigen, or mold antigen. The plant antigen or the
amimal antigen can include an allergen in the subject. The
endogenous antigen can include, but 1s not limited to, a tumor
antigen, atherosclerosis related antigen, autoimmune disease
related antigen, or obesity related antigen. The synthetic anti-
gen can include a drug. The one or more iImmunogens can
include, but are not limited to, protein, lipid, lipoprotein,
glycolipid, glycoprotein, proteoglycan, polysaccharide, or
lipopolysaccharide.

In an aspect, the system can further include one or more
cells or tissues encapsulated in the bone cage and configured
to produce the one or more immunogens. The system can
turther include one or more cells or tissues encapsulated in the
bone cage and configured to produce the one or more adju-
vants.

A device 1s described that includes a system including a
signal bearing medium including one or more instructions for
providing a dosage from a device comprising one or more
bone cages including one or more immunogens and one or
more adjuvants. The one or more bone cages can be config-
ured to be non-weight-bearing when implanted into a soft
tissue of a subject.

The adjuvant can include a biologically dertved agent. The
one or more adjuvants can include, but are not limited to, one
or more of microbial dertvative, plant derivative, biomaterial,
biodegradable matenial, partially biodegradable matenal,
virosome, lipid, lipopolysaccharide, lipoprotein, lipopeptide,
glycolipid, monophosphoryl-lipid A/trehalose dicorynomy-
colate (“Rib1” adjuvant), saponins, (QS21, or squalene, poly-
oxyethylene sorbitan monooleate and sorbitan trioleate
(MF39), peptidoglycan, glycopeptide, protein, recombinant
(or fusion) protein, msect venom, snake venom, bacterial
toxin, or nucleic acid derivative. The one or more adjuvants
can further include, but are not limited to, one or more of an
endogenous immunostimulatory adjuvant, a cytokine, toll-
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like receptor, toll-like receptor agonist, T-cell stimulatory
molecule, or B-cell stimulatory molecule. The toll-like recep-
tor agonist can include, but 1s not limited to, lipopolysaccha-
ride, lipoprotein, lipopeptide, flagellin, double-stranded
RNA, unmethylated CpG DNA strand, CpG oligodeoxy-
nucleotides, microbial DNA, or microbial RNA. In an aspect,
the adjuvant can include a synthetically derived agent. The
one or more adjuvants can include, but are not limited to, a
mineral salt, o1l emulsion, particulate adjuvant, polymer, non-
polymeric material, inorganic material, organic material,
inorganic-organic composite material, non-degradable mate-
rial, aluminum salt, aluminum hydroxide, aluminium phos-
phate, calcium phosphate, squalene, o1l-based adjuvant, com-
plete Freund’s adjuvant (CFA), incomplete Freund’s
adjuvant (IFA), or detergent-stabilized oil-in-water emulsion.
The one or more immunogens can include, but are not limited
to, a microbial antigen, viral antigen, parasite antigen, plant
antigen, amimal antigen, endogenous antigen, or synthetic
antigen. The microbial antigen can include, but 1s not limited
to, a bacterial antigen, fungal antigen, or mold antigen. The
plant antigen or the animal antigen can include an allergen in
the subject. The endogenous antigen can include, but 1s not
limited to, a tumor antigen, atherosclerosis related antigen,
autoimmune disease related antigen, or obesity related anti-
gen. The synthetic antigen can include a drug. The one or
more immunogens can include, but are not limited to, protein,
lipid, lipoprotein, glycolipid, glycoprotein, proteoglycan,
polysaccharide, or lipopolysaccharide.

In an aspect, the device can further include one or more
cells or tissues encapsulated in the bone cage and configured
to produce the one or more immunogens. The device can
turther include one or more cells or tissues encapsulated in the
bone cage and configured to produce the one or more adju-
vants. The device can be configured to be implanted subcu-
taneously, intramuscularly, intraperitoneally, intravenously,
intraarterially, intraarteriolarly, in capillary beds, subder-
mally, mntradermally, orally, rectally, or nasally.

The foregoing summary 1s illustrative only and 1s not
intended to be 1n any way limiting. In addition to the 1llustra-
tive aspects, embodiments, and features described above, fur-
ther aspects, embodiments, and features will become appar-
ent by reference to the drawings and the following detailed
description.

BRIEF DESCRIPTION OF THE FIGURES

FIGS. 1A and 1B depict a diagrammatic view of an aspect
of an embodiment of a bone cage that completely surrounds
the one or more immunogens and one or more adjuvants.

FIGS. 2A, 2B, and 2C depict a diagrammatic view of an
aspect of an embodiment of a bone cage that partially sur-
rounds one or more cells or tissues that produce the one or
more immunogens and/or the one or more adjuvants.

FIGS. 3A, 3B, and 3C depict a diagrammatic view of an
aspect of an embodiment of a bone cage with closable open-
Ings.

FI1G. 4 depicts a logic tlowchart of a method for modulating
a pathological condition 1n a subject.

DETAILED DESCRIPTION

In the following detailed description, reference 1s made to
the accompanying drawings, which form a part hereof. In the
drawings, similar symbols typically identily similar compo-
nents, unless context dictates otherwise. The illustrative
embodiments described 1in the detailed description, drawings,
and claims are not meant to be limiting. Other embodiments
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may be utilized, and other changes may be made, without
departing from the spirit or scope of the subject matter pre-
sented here.

The present application uses formal outline headings for
clanty of presentation. However, 1t 1s to be understood that the
outline headings are for presentation purposes, and that dii-
ferent types of subject matter may be discussed throughout
the application (e.g., method(s) may be described under com-
position heading(s) and/or kit headings; and/or descriptions
of single topics may span two or more topic headings). Hence,
the use of the formal outline headings 1s not intended to be in
any way limiting.

Devices, methods, and systems are disclosed herein for
stimulating an 1immune response 1n a subject. Devices, meth-
ods, and systems for preventing or treating an infectious
disease or a pathological condition 1n the subject are dis-
closed. The pathological condition includes, but 1s not limited
to, infectious disease, neoplastic disease, atherosclerosis,
hypertension, autoimmune disease, diabetes, or substance
addiction. A device 1s disclosed that includes one or more
bone cages. The device 1s useful 1n a method for vaccinating
a subject. The device 1s useful in a method for treating any
disease or condition where an increase in the immune
response 1n the subject 1s desired. The device 1s usetul 1n a
method for treating an infectious disease or neoplastic disease
in the subject. In an aspect, the device comprises one or more
bone cages configured to, and/or structured to, at least par-
tially or completely surround one or more immunogens and
one or more adjuvants. The device including one or more
bone cages can be configured to, and/or structured to, at least
partially or completely surround one or more cells or tissues
that can produce one or more immunogens and/or one or more
adjuvants. In an aspect, stem cells or tissues or other cell or
tissue types can be configured to restructure the one or more
bone cages.

The device including one or more bone cages 1s configured
for implantation 1n a soft tissue of the subject. In an embodi-
ment, the device 1s configured for 1injection nto the soft tissue
of a subject using a syringe. The device 1s configured to be
biocompatible 1n the subject. The device including one or
more bone cages can remain in the soft tissue over an
extended period of time to deliver the one or more 1mmuno-
gens and one or more adjuvants in the subject to treat a
pathological condition. The device including one or more
bone cages can deliver a dosage of the immunogen and the
adjuvant over a long term. Following injection into a soft
tissue of the subject, the device including one or more bone
cages can deliver a temporal series of vaccinations or booster
vaccinations as may be required for a specific vaccination
schedule. The device can be configured to provide one or
more chambers and/or multiple pore sizes for controlled
release of the one or more immunogens and one or more
adjuvants.

The device including one or more bone cages refers to a
rigid, semi-rigid, or otherwise structurally supportive struc-
ture with one or more external walls, and at least one internal
cavity. The one or more bone cages can be structurally sup-
portive to include biologically active molecules, e.g., one or
more immunogens and one or more adjuvants, or one or more
cells or tissues configured to produce the one or more 1immu-
nogens and/or one or more adjuvants. The device including
one or more bone cages can be configured to deliver the one
or more immunogens and the one or more adjuvants to the
soit tissue of a subject and to raise an immune response to the
immunogen providing a method for treating a pathological
condition in the subject. The device including one or more
bone cages can be configured to be non-weight-bearing to the
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skeletal structure when implanted 1nto a soft tissue of a sub-
ject. The device including one or more bone cages 1s not
configured to provide intrinsic support to the bone or skeletal
structure of the subject.

One or more immunogens and one or more adjuvants,
optionally 1n combination with a semi-permeable membrane
and/or one or more cells or tissues, can be placed within the
internal cavity of the bone cage. The one or more 1mmuno-
gens and the one or more adjuvants 1n combination with the
one or more cells or tissues may not include bone tissue. In an
aspect, the cells or tissue may 1nclude stem cells or progenitor
cells, e.g., mesodermal cells, osteoblasts or osteoclasts, con-
figured to synthesize or degrade bone tissue. In an aspect, the
one or more cells or tissues can be configured to produce one
or more immunogens and/or one or more adjuvants. The
external wall can be any shape, including, but not limaited to,
spherical, oval, rectangular, square, trapezoidal or modified
versions of these shapes. The internal cavity can also be any
shape, including, but not limited to, spherical, oval, rectan-
gular, square, trapezoidal or modified versions of these
shapes. Moreover, the mternal cavity can be configured to
include or define one or more portions that are 1n fluid com-
munication or are isolated portions from each other. The
device including one or more bone cages can be configured to
release the one or more immunogens and the one or more
adjuvants 1n a timed release manner over an extended time
frame according to desired or recommended dosage and tim-
ing of a vaccination schedule.

The release of the one or more immunogen and the one or
more adjuvant from the bone cage can be temporally con-
trolled. Temporal release can be controlled by the properties
of the bone cage, e.g., compartments, wall thickness, or pores
in the bone cage, the formulation of the immunogen and
adjuvant placed 1n the bone cage, or a combination thereof.
Temporally controlled release of the one or more immunogen
and the one or more adjuvant from the bone cage 1s useful for
vaccines requiring multiple immumzations including pri-
mary immunization and secondary immunization to establish
memory cells responsive to the pathogenic orgamism or
pathogenic condition. Vaccines recommended for multiple
doses can 1include providing one dosage of the device includ-
ing the one or more bone cages to the subject maintaining the
temporally controlled release of the one or more immunogen
and the one or more adjuvant for up to 24 months.

The release of one or more immunogens and one or more
adjuvants from the bone cage can be controlled by a trigger,
for example, a biomolecule, a specific analyte, a pathogen or
tumor cell, or an externally-administered compound. The
trigger can stimulate immediate release of the immunogen
and adjuvant from the bone cage. Alternatively, the trigger
can stimulate the synthesis of the immunogen and adjuvant by
cells mcorporated in the bone cage. The trigger can be a
biomolecule. Examples of trigger biomolecules include, but
are not limited to, pathogen associated biomolecules (e.g.,
toxins, polysaccharides, double stranded RNA, CpG poly-
nucleotides), tumor associated biomolecules (e.g., tumor
antigens, tumor markers), other disease associated biomol-
ecules (e.g., p-amyloid), allergens (e.g., food allergen), or
other biomolecules (e.g., drugs of abuse). Alternatively, the
trigger can be a physiological change induced by the patho-
gen, tumor, disease, or allergic response. Examples of a
physiological change include, but are not limited to, changes
in pH, temperature, osmolarity, hypoxia, and 10n concentra-
tions. Examples of a physiological change further include, but
are not limited to, increases 1n concentrations of endogenous
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compounds 1n the subject such as radical oxygen species,
cytokines, nitric oxide, anti-microbial peptides, or pro-in-
flammatory molecules.

The device can be implantable indicating it 1s able to be
placed within a subject. The device including one or more
bone cages can be implanted by methods including, but not
limited to, surgery, injection, suppository, and inhalation. The
device 1mcluding one or more bone cages can be placed, for
example, subcutaneously, intramuscularly, intraperitoneally,
intravenously, intravitreally, intraarterially, intraarteriolarly,
in capillary beds, subdermally, intradermally, orally, rectally,
or nasally. The device including one or more bone cages can
be implanted during a surgical procedure, or can be mjected
using, for example, a hollow bore needle, such as those used
for biopsies. Alternatively, injection can be by a gun, such as
those used for anesthetic darts. The device including one or
more bone cages can be implanted 1n any location 1n a subject
approprate for the desired treatment, such locations are well-
known to health care workers including, but not limited to,
physicians and nurses, as well as veterinary, animal hus-
bandry, fish, game, zoo, bird, reptile, and exotic animal offi-
cials.

The device including one or more bone cages can be
implanted 1n well-vascularized soft tissue, including, but not
limited to, liver, kidney, muscle, lung, cardiac and/or brain
tissue. In an aspect, the device including one or more bone
cages 1s implanted 1n less well-vascularized tissue including,
but not limited to, joints, cartilage, and fat. The device includ-
ing one or more bone cages can be implanted behind the blood
brain barrier. The device including a bone cage can be
implanted in the bladder, uterus, or vagina.

Biocompatible refers to a matenial the body generally
accepts without a significant immune response/rejection or
excessive fibrosis. In an aspect, some immune response and/
or fibrosis 1s desired. In an aspect, vascularization may be
desired. In an aspect, vascularization may not desired.

The device including one or more bone cages can be
implanted 1 a subject including mammal, reptile, bird,
amphibian, and fish. In an aspect, the subject includes domes-
ticated, wild, research, zoo, sports, pet, primate, marine, and
farm animals. The animal can be amammal. The mammal can
be a primate. In a further aspect, the primate can be a human.
Animals include, but are not limited to, human, bovine, por-
cine, swine, ovine, murine, canine, avian, feline, equine, or
rodent. Domesticated and/or farm animals include, but are not
limited to, chickens, horses, cattle, pigs, sheep, donkeys,
mules, rabbits, goats, ducks, geese, chickens, and turkeys.
Wild animals can include, but are not limited to, non-human
primates, bear, deer, elk, raccoons, squirrels, wolves, coyotes,
opossums, foxes, skunks, and cougars. Research animals
include, but are not limited to, rats, mice, hamsters, guinea
pigs, rabbaits, pigs, dogs, cats, and non-human primates. Pets
include, but are not limited to, dogs, cats, gerbils, hamsters,
guinea pigs and rabbits. Reptiles include, but are not limited
to, snakes, lizards, alligators, crocodiles, 1guanas, and turtles.
Avian animals include, but are not limited to, chickens, ducks,
geese, owls, sea gulls, eagles, hawks, and falcons. Fish
include, but are not limited to, farm-raised, wild, pelagic,
coastal, sport, commercial, fresh water, salt water, and tropi-
cal. Marine animals include, but are not limited to, whales,
sharks, seals, sea lions, walruses, penguins, dolphins, and
fish.

The one or more bone cages or bone structures refers to a
rigid, semi-rigid, or otherwise structurally supportive struc-
ture with at least one external wall, and at least one internal
cavity. The one or more bone cages or bone structures can be
structurally supportive to include biologically active mol-
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ecules, e.g., one or more immunogens and one or more adju-
vants. The external wall of the one or more bone cages can be
any dimension, preferably an integer um from about 1 um to
about 1,000 um including approximately, but not limited to, 2
wm, 3 um, 4 um, S um, 3 um, 10 wm, 12 wm, 15 wm, 20 um, 25
wm, 50 um, 100 um, 200 um, 300 wm, S00 um, 600 um, 300
um and 1,000 um. In an aspect, the external wall can be
approximately 1 um to 1,000 um, 2 um to 500 um, 3 um to 250
um, 4 um to 100 um, 5 um to 50 um, 5 um to 10 um, 2 um to
20 um, 1 um to 50 um, 5 um to 25 um, or 2 um to 8 wm 1n
width. In an aspect, the width 1s not uniform throughout the
structure.

The diameter of the internal cavity of the one or more bone
cages can be any integer um from approximately 1 to approxi-
mately 1,000 including, but not limited to approximately, 2
wm, 3 um, 4 um, S um, 3 um, 10 wm, 12 wm, 15 um, 20 um, 25
um, 50 um, 100 um, 200 um, 300 um, 500 um, 600 um, 300
um or 1,000 um. In an aspect, the diameter of the internal
cavity can be approximately 1 um to 1,000 um, 2 pum to 800
wm, S wm to 750 um, 10 um to 500 um, 20 um to 250 um, 10
um to 100 um, 5 um to 50 um, 1 um to 10 um, 2 wm to 20 wm,
1 um to 50 um, 350 um to 500 um, or 250 um to 1,000 um 1n
width. In an aspect, the diameter of the internal cavity can be
approximately up to 1 mm to 1 cm in width, including, but not
limited to, up to 1 mm, up to 10 mm, up to 100 mm, or up to
1 cm or more i width. In an aspect, the internal diameter 1s
not uniform throughout the structure. For example, the inter-
nal diameter can be up to 1 mm 1n one dimension and up to 3
c¢m 1n a second dimension.

The volume of the mnternal cavity can be any integer cubic
um from about 1 um" to about 10** um” including, but not
limited to, 1 cubic um, 8 cubic um, 27 cubic um, 64 cubic um,
125 cubic um, 512 cubic um, 1000 cubic um, 1700 cubic um,
3400 cubic um, 8000 cubic um, 1.5x10* cubic um, 1.25x10°
cubic um, 10° cubic um, 8x10° cubic um, 3x10’ cubic um, 10°
cubic um, 2x10° cubic um, 5x10° cubic um, 10° cubic um,
10"° cubic um 10" cubic um, and 10"~ cubic um. In an aspect,
the volume of the mternal cavity can be approximately up to
100 cubic um, up to 1000 cubic um, up to 10* cubic um, 10°
cubic um, up to 10° cubic um, up to 10’ cubic um, up to 10°
cubic um, up to 10” cubic um, up to 10*° cubic um, up to 10**
cubic um, or up to 10'* cubic pm.

The liquid volume capacity of the internal cavity can be any
integer microliter (uL) from about 10~7 uL to about 1000 uL
including approximately, but not limited to, 10~” uL, 10~® uL,
107" plL, 10°ul, 10> ul, 10~* ul, 10~ ul, 0.01 uL, 0.1 uL,
1 ul, 10 ulL, 100 ul. and 1000 uL. In an aspect, the liquid
volume capacity can be approximately up to 107 uL, up to
107" uL, upto 10~°uL, upto 10> uL, upto 10~*uL,upto 10~
wl, up to 0.01 pl., up to 0.1 ul, up to 1 ulL, up to 10 ul, up to
100 uL. or up to 1000 nL.

The mternal cavity of the bone cage can hold one or more
cells. In an aspect, the cell can be the immunogen, e.g., a live,
attenuated or 1nactivated pathogen or tumor cell. In an aspect,
the cell can be engineered to generate one or more 1Immuno-
gen and/or one or more adjuvant. Examples of cell types that
can be included 1n the cavity of the bone cage include, but are
not limited to, a virus, a bacterium, a fungus, a parasite, or a
mammalian cell. The type of cell depends upon the nature of
the vaccine and the immunogen. In an aspect, the type of cell
and the number of cells held 1n the cavity may be dependent
upon the size of the cells relative to the size of the cavity.
Viruses can range in diameter from about 20 nm to about 400
nm. The human immunodeficiency virus (HIV) 1s approxi-
mately 90 to 160 nm in diameter. Bacteria can range 1n size
from about 0.1 um to about 600 um over a single dimension.
Escherichia coli represents a bacillus of about average size
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measuring 1 to 1.5 um 1n width and 2 to 6 um 1n length. In an
aspect, the cell can be a fungus that 1s a genetically engineered
yeast strain. Saccharomyces cerevisiae, a common yeast
strain, ranges 1n diameter from 3 to 6 um. In an aspect, the cell
can be a blood borne parasite, e.g., Plasmodium. Blood borne
parasites range 1n size from about 1 to 30 um by about 1 to 5
um depending upon the type of parasite and the stage of
development. Plasmodium sporozoites are about 1 um 1n
width and about 5 um in length. Mammalian cells can range
in diameter from about 3 um to about 100 um. For example,
circulating human tumor cells of epithelial origin are about 15
to 20 um 1n diameter. Chinese hamster ovary (CHO) cells, a
cell type commonly used for genetic engineering, are about
14.5 um 1n diameter. The volume of an average human cell
ranges from about 500 to about 4000 cubic um. As an
example, a spherical mammalian cell with a diameter of 10
um has a calculated volume of approximately 523 cubic um
while a spherical bacterium with a diameter of 1 um has a
calculated volume of approximately 0.523 um, suggesting
that 1000 bacteria may be loaded 1nto a space that accommo-
dates one mammalian cell.

In an aspect, the immunogen and/or adjuvant can be pro-
duced by cells, e.g., COS cells, incorporated into the internal
cavity of the bone cage. The number of cells producing the
immunogen and/or adjuvant can be approximately up to 10°
cells, up to 10% cells, up to 10° cells, up to 10° cells, up to 10’
cells, up to 10® cells, or up to 10” cells. In an aspect, the
number of cells incorporated 1into the bone cage can be depen-
dent upon the amount of immunogen and adjuvant needed for
immunization, the efficiency of the incorporated cells, and the
s1ze of the bone cage cavity. For example, studies describe
synthesis and secretion of recombinant tick-borne encepha-
lit1s virus protein E 1n COS cells 1n yields ranging from 1 to 5
ug per 10° COS cells. Allison, et al., J. Virol. 69: 5816-5820,
19935, which is incorporated herein by reference. As such, up
to 5x10° cells would be needed to generate 25 ug of protein E
for immunization. In the case of a COS cell with an estimated
cellular volume of 500 cubic um, the 5x10° cells could be
accommodated 1n a bone cage with an internal cavity mea-
suring at least 2.5x10” cubic um in volume with approximate
dimensions of at least 1350 umx 1350 umx1350 um. The total
number of cells producing the immunogen and/or adjuvant
can be incorporated into one bone cage for implantation or
distributed 1n a number of bone cages for implantation.

The internal cavity of the bone cage can hold non-cellular
particles of varying size. In an aspect, the particles are the
immunogen, for example, virus-like particles. In an aspect,
the particles can incorporate and/or encapsulate an immuno-
gen that 1s a biomolecule or a live, attenuated or mactivated
pathogen or tumor cell. In an aspect, the particles can encap-
sulate one or more cells thathave been genetically engineered
to express an immunogen and/or antigen. The size of the
particles depends upon the composition of the particles and
the intended contents thereot as well as the size of the bone
cage cavity.

The diameter of the particles can be any mteger nm from
approximately 1 nm to 10’ nm including approximately, but
not limited to, 1 nm, 5nm, 10 nm, 25 nm, 50 nm, 100 nm, 250
nm, 500 nm, 1000 nm, 10* nm, 10° nm, 10° nm, and 10’ nm.
In an aspect, the diameter of the particles can be approxi-
mately up to 10 nm, up to S0 nm, up to 100 nm, up to 500 nm,
up to 1000 nm, up to 10* nm, up to 10° nm, up to 10° nm, or
up to 107 nm. Virus-like particles derived from self-aggrega-
tion of genetically engineered viral proteins are 1n the sub-
micromolar size range. For example, Tamura, et al., describe
the preparation of viral particles derived from recombinant
expression of the Norwalk virus capsid protein that are 38 nm
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in size. Tamura, et al., J. Virol. 74:11589-11597, 2000, which
1s incorporated herein by reference. Kallinter1 & Carnett
describe a number of polymeric nanoparticles used for drug
delivery including vaccine delivery ranging in average size
from 100 nm to over 600 nm Kallinter1 & Garnett. Polymeric
“Nanoparticle for Drug Delivery”. Nanomaterials for Medi-
cal Diagnosis and Therapy. Ed. by Challa Kumar. Wiley-
VCH, Weinheim, 409-470, 2007, which 1s incorporated
herein by reference. Particles encapsulating cells can be
greater than 1 mm and as small as a single cell. For example,
Breguet et al., describe the encapsulation of Chinese hamster
ovary (CHO) cells into alginate/poly-L-lysine particles of
500 um and 800 um with as many as 17,000 cells per particle.
Breguet, et al., Cvtotechnology 53:8193, 2007, which 1s
incorporated herein by reference.

The amount of immunogen used for immunization can be
an integer microgram (ug) ifrom approximately 0.1 g to
1,000 ug including approximately, but not limited to approxi-
mately, 0.1 ug, 0.5 ug, 1 ug, 5Sug, 10 ug, 25 nug, 30 ug, 35 ug,
40 ug, 45 ug, 30 ug, 100 ug, 250 ug, 300 ug, and 1000 ug. In
an aspect, the amount of immunogen can be approximately up

to 0.1 pug, up to 0.5 ug, up to 1 nug, up to 5 ug, up to 10 ug, up
to 25 ug, up to 50 ug, up to 100 pg, up to 250 pg, up to 500 ng,

or up to 1000 ug. As an example, GARDASIL® for immuni-
zation against the human papillomavirus includes 20 ug of
recombinant HPV 6 L1 protein, 40 ug of recombinant HPV
11 L1 protein, 40 ug of recombinant HPV 16 L1 protein, and
20 ug of recombinant HPV 18 L1 proteins. See, ¢.g., GAR-
DASIL® HPV vaccine Prescribing Information, U.S. Food &
Drug Administration. In an aspect, the total amount of 1mmu-
nogen needed for immunization can be incorporated 1nto one
bone cage and implanted into a subject. In an aspect, the total
amount of immunogen needed for immunization can be dis-
tributed 1n a number of bone cages, all or part of which are
implanted into a subject.

In an aspect, the immunogen can be a live, attenuated or
dead pathogen or tumor cell. In an aspect, the amount of
immunogen can be expressed as the number of cells used for
immunization. The number of cells can be approximately up
to 10°, up to 107, Up to 10°, up to 10°, Up to 107, Up to 10°,
orup to 10°. For example, Berger, et al., describe using 7x10’
autologous prostate tumor cells for immunization against
locally advanced or metastatic prostrate cancer. Berger, et al.,
J. Pharm. Pharmaceut. Sci. 10: 144-152, 2007, which 1s
incorporated herein by reference. In an aspect, the amount of
immunogen can be expressed as the number of infectious
units, a measure of the concentration of live, attenuated
pathogen in a given amount of fluid. The number of infectious
units can be approximately up to 10° IU, up to 10%, up to 10°,
up to 10°, up to 107, Up to 10°, or up to 10”. For example, the
FluMist® influenza live virus vaccine contains 10°""- infec-
tious units of each of three intluenza strains for the 2008-2009
season. See, e.g., FluMist®, Prescribing Information, U.S.
Food & Drug Administration. The total number of cells and/
or infectious units needed for immunization can be icorpo-
rated 1nto a single bone cage for implantation or distributed in
a number of bone cages for implantation.

The external wall of the one or more bone cages can be
porous. Porosity refers to the percentage of void space 1n a
solid. Adv. Colloid Interface Sci.’76-77:341-3772, 1998, which
1s incorporated herein by reference. Porosity 1s a morphologi-
cal property independent of the maternial. Porosity can be
created by, for example, salt leaching, gas foaming, phase
separation, {reeze-drying, and sintering, depending on the
material used to fabricate the bone scatfold.

The porosity can be any integer percentage from approxi-
mately 1% to approximately 99% including, but not limited
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to, approximately 2%, 3%, 4%, 7%, 10%, 12%, 15%, 20%,
35%, 50%, 60%, 75%, and/or 90%. In an aspect, the porosity
can be approximately 1% to 99%, 1% to 15%, 3% to 12%, 5%
to 10%, 40% to 95%, 50% to 90%, 60% to 75%, 3% to 90%,
10% to 75%, 15% to 90%, and 25% to 90%. The porosity may
not be uniform throughout the bone. The porosity of trabecu-
lar bone can be approximately 50% to 90%, while that of

cortical bone can be approximately 3% to 12%. Biomaterials
26: 5474-5491, 2005, which 1s incorporated herein by refer-

ence.

The pore size of the one or more bone cages can be any
integer nm from approximately 1 nm to approximately
10,000 nm 1ncluding, but not limited to, approximately 2 nm,
3nm,4 nm, 5Snm, 8nm, 10nm, 12 nm, 15 nm, 20 nm, 25 nm,
50 nm, 100 nm, 200 nm, 300 nm, 500 nm, 600 nm, 800 nm,
1,000 nm, 2,000 nm, 5,000 nm, or 10,000 nm. In an aspect, the
pore size can be approximately 1 nm to 10,000 nm, 10 nm to
5,000 nm, 25 nm to 1,000 nm, 50 nm to 750 nm, 100 nm to 500
nm, 10 nm to 100 nm, 5 nm to S0 nm, 1 nm to 10 nm, 2 nm to
20 nm, 500 nm to 5,000 nm, 1,000 nm to 10,000 nm, or 250
nm to 1,000 nm in width. In an aspect, the pore size can be
approximately 10 um up to approximately 100 um in width.
In an aspect, the pore size may not be uniform throughout the
structure.

Device Including One or More Bone Cages Derived from
Natural or Synthetic Materials

Natural Source of Bone Matenials.

Organic bone can encompass multiple kinds of bone
obtained from donors including cortical, trabecular and can-
cellous. The bone can be autologous, allogeneic, or xenoge-
neic, with respect to a subject within whom the bone 1s
implanted. Autologous tissue can be excised from one part of
an individual and implanted another part of the same indi-
vidual. Allogeneic tissue can be harvested from one indi-
vidual donor and implanted into a genetically different recipi-
ent individual within one species. A xenogeneic tissue would
be harvested from an individual 1n one species and implanted
in an individual recipient from a different species.

In an aspect, the bone cage can be comprised of autologous
bone excised from, e.g., the 1liac crest, skull, or fibula. Autolo-
gous tissues do not typically elicit immune rejection. In an
aspect, the bone cage can be comprised of allogeneic bone
harvested from a cadaver from any location in the body and
optionally frozen prior to re-implantation to decrease 1immu-
nogenicity. Examples of uses for allogeneic bone include, but
are not limited to, Allogro® demineralized bone matrix, Allo-
Source, Centennial Colo.; Orthoblast®, demineralized bone
matrix and cancellous bone 1n reverse phase medium, Isotis
Orthobiologics, Irvine Calif.; Opteform® demineralized
bone matrix based allograft, Exactech, Inc., Gainesville Fla.;
and Grafton® & demineralized bone matrix, Osteotech, Inc.,
Eatontown N.J. Allograit bone substitutes can include
allograit bone of a variety of material sources, both natural
and synthetic, or a composite.

Xenogeneic bone tissue can be obtained from animals and
can be used for implantation 1n humans. For example, Surgi-
bone®, sterile, extracellular composite of hydroxyapatite and
collagen of bovine bone (Unilab, Inc., Mississauga, ON,
Canada) for surgical implantation in humans 1s prepared from
bovine bone and has been used to augment autograifts for hip
revision surgery. Acta Orthop. 76:544-549, 20035, which 1s
incorporated herein by reference. Studies of the immunologi-
cal mechanisms underlying the rejection of pig organs
implanted into primates has resulted 1n the development of
novel lines of genetically engineered pigs that are more
immunologically compatible with man. J. Nephrol. 16 (suppl
7):S16-21, 2003, which 1s incorporated herein by reference.
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The bone cage can be comprised of anorganic bone. Anor-
ganic bone or anorganic bone matrix has been used bone
repair. Clin. Plast. Surg. 21:437-444,1994; J. Long Term EA1T.
Med. Implants 8:69-78, 1998, which are incorporated herein
by reference. Anorganic bone or anorganic bone matrix
includes autologous, allogeneic, or xenogeneic bone (with
respect to a subject within whom the bone 1s implanted) that
has been deorganified. Examples of the use of such tissues
include, but are not limited to, B1o-Oss® natural bone sub-
stitute (Geistlich Pharma Ag, Wolhusen, Switzerland), that 1s
composed of anorganic bovine bone, or an anorganic bone
matrix. Arch Oral. Biol. (2005) July 29 Epub ahead of print);
Biomaterials 26: 5648-56577, 2005, which are incorporated
herein by reference.

The bone cage can be comprised of demineralized bone.
Demineralized bone has been used as allografts for bone
repair. Cell Tissue Bank 6:3-12, (2005) which 1s incorporated
herein by reference. Demineralized bone can include autolo-
gous, allogeneic, or xenogeneic bone (with respect to a sub-
ject within whom the bone 1s implanted) that has been dem-
ineralized. An example of the use of demineralized, freeze-
dried bone together with anorganic bovine bone for maxillary
sinus grafting 1s presented in Int. J. Oral Maxillofac. Implants
18:556-60, 2003, which 1s incorporated herein by reference.

Once the organic, anorganic, freeze-dried and/or deminer-
alized bone 1s obtained, the cage can be created by a variety of
techniques. The bone can be machined using, for example,
microtomes such as the Leica SP 2600 (or 1600) Saw Micro-
tome (Leica Microsystems Nussloch GmbH, Postiach 1120,
Heidelberger Strasse 17-19, D-69226 Nussloch, Germany)
that can slice bone to a finished thickness of approximately
20-30 um. Lasers, such as the YAG laser rod, can be used to
cut bone with a minimum width of approximately 10 um for
deeper beam penetrations and less than 1 um for thin coatings
(Laserod, Inc., Gardena, Calif. 90247-5252). Micro tweezers,
such as those from MEMS Precision Instruments, can be used
to assemble the pieces as necessary. Methods for preparing,
2-50 um thick sections of undecalcified hard tissues, for
example those found 1n e.g., Histochem Cell. Biol 113:331-
339, 2000 can be used.

An example of a method to make bone cages of FIG. 1
and/or FIG. 3A 1s described below. The bone cage can be
constructed by excising a portion of cortical bone approxi-
mately 3 mm by 1 mm from the 1liac crest of a subject using
a microsaw. This portion of bone 1s then micromachined to a
desired size, for example about 30 um by 90 um, using a
microsaw. The shape 1s rectangular, or smoothed to an
oblong, although other shapes may be implemented. The
interior cavity of the bone cage 1s hollowed using a microma-
chining laser, leaving an approximately 5 um thick bone wall.
The bone wall can be perforated with approximately 1 to 2 um
holes using a micromachining laser. A second piece of bone
can be micromachined and shaped to form a bone cap or plug.

An example of a bone cage that can be constructed using
these techniques 1s shown 1n FIG. 2C. Bone formed i a
tubular structure can be sliced into sections, for example
perpendicular to the tubular Haversian systems that make up
cortically dense bone, to produce very thin bone rings. These
rings can then be further sectioned into barrel staves to form
a barrel-shaped construct, laid side by side to form a tube-
shaped construct, or overlapped to make smaller portal struc-
tures. Further holes and smaller cutting can create joints to
allow the various components to fit together and be assembled
using micro tweezers.

In an alternative aspect, bone cages can be constructed by
excising a portion of bone, followed by micromachining to
the desired size and/or shape. The orientation of the construct
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can be selected to align the natural pores of the bone to form
a natural internal cavity for the bone cage. The interior cavity
of the bone cage can be further refined using focused beam
machining to enlarge or re-shape the interior cavity of the
bone cage. Additional pores can be added as described herein,
if the natural porosity of the bone 1s not suificient to allow the
desired amount and/or type ol nutrients and/or other materials
to reach and/or elute from the internal cavity.

The methods for making a bone cage described herein are

illustrative and are not intended to be limiting. In addition,
these and other methods can be used 1n combination as well as
separately.

The bone cage can be comprised of biocompatible and/or
implantable artificial bone substitutes containing metals,

ceramics and/or polymers. Artificial bone scafiolding can be
used in bone repair. Int. J. Oral Maxillofac. Surg. 33:325-332;
2004, Int. J. Oral Maxillofac. Surg. 33:523-530, 2004, which

are incorporated herein by reference. Artificial bone includes
any bone substitute composites or scafiolds with a structural
rigidity substantially equal to or greater than that of cartilage,
and with pores that allow at least fluid passage. The pores can
allow passage of macromolecules, but not cells. The cells may
produce and secrete one or more immunogens and/or one or
more adjuvants. In an aspect, the pores can allow passage of
cells as well as macromolecules. Passage refers to processing
including, but not limited to, diffusion, release, extrusion,
and/or migration.
The mechanical properties of naturally occurring bone,
including stifiness and tensile strength, can be provided by
the bone tissue “scaifold” that contains significant amounts of
non-living materal, such as organic minerals, as well various
proteins of the extracellular matrix.

Synthetic Source of Bone Materials.

A variety of bone substitutes can be used 1n tissue engi-

neering to create scatfolds. Synthetic Biodegradable Polymer
Scaffolds (1997) Boston, Mass.: Birkhauser; J Biomed.
Mater. Res. 54:162-171, 2001, Int. J. Oral Maxillofac. Surg.
33:523-530, 2004, which are incorporated herein by refer-
ence. These include, but are not limited to, synthetic organic
materials such as clinically used nondegradable and biode-
gradable and bioresorbable polymers including polygly-
colide, optically active and racemic polylactides, polydiox-
anone, and polycaprolactone, polymers under clinical
ivestigation including polyorthoester, polyanhydrides, and
polyhydroxyalkanoate, early stage polymeric biomaterials
including ploy(lactic acid-co-lysine), as well as biodegrad-
able polymer ceramic scaflolds. J. Mater. Sci. Mater. Med.
16:807-19; 2005; Biomaterials 19:1405-1412, 1998, which
are mcorporated herein by reference. Examples include, but
are not limited to, Cortoss® self-setting synthetic ceramic
composite, Orthovita, Malvern, Pa.; 3D open cell polylactic
acid (OPLA); and Immix® amorphous D, L-Polylactide-co-
glycolide synthetic bone graft scatfold, Osteobiologics Inc,
San Antonio, Tex.

Synthetic inorganic molecules can also be used 1n scatiold-
ing, including hydroxyapatite, calcium/phosphate compos-
ites, calcium sulfate, and glass ceramics. Biotechnol. Bioeng.
(2003); J. Artif. Organs 8:131-136, 2005; J. Biomed. Mater
Res. A. 68:725-734, 2005, J. Long Term Eff. Med. Implants
8:69-78, 1998, which are incorporated herein by reference.
Examples include, but are not limited to, Norian® SRS® fast
set putty, Norian Corp., Cupertino Calif.; ProOsteon®
hydroxyapatite bone substitute, Biomet, Inc. Warsaw, Ind.;
Osteograi® hydroxyapatite bone material, and Osteoset®
calcium sulfate bone substitute, Dentsply, UK; Wright Medi-
cal Technology, Inc., Arlington, Tenn.
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Organic matenials of natural origin including collagen,
fibrin, and hyaluronic acid can be used, as can inorganic
material of natural origin including, for example, coralline
hydroxvyapatite. A variety of metals can be used 1n artificial
scalfolds for bone, including silicon, titanium and aluminum.
J. Biomed. Mater. Res. A. 70: 206-218, 2004; J. Biomed.
Mater. Res. 56: 494-503, 2001, J. Biomed. Mater. Res. A. 72:
288-295, 2003, which are incorporated herein by reference.

In addition to the methods for making bone cages dis-
cussed above, design and prototyping of scaffolds can be
performed digitally, and the material can be processed as
sponge-like sheets, gels, or highly complex structures with
intricate pores and channels. Int. J. Prothodont. 15: 129-132,
2002; Ann. NY Acad. Sc1. 961: 83-95, 2002, which 1s incor-
porated herein by reference. A biocompatible three-dimen-
sional internal architectural structure with a desired material
surface topography, pore size, channel direction and trabecu-
lar orientation can be fabricated. Biomaterials 23: 4437/ -
4447, 2002, which 1s incorporated herein by reference. Fab-
rication of scaffolding can be accomplished using
conventional manual-based fabrication techniques or com-
puter-based solid free form fabrication technologies. Fron-
tiers in Tissue Engineering, New York, Elsevier Science 107-

120, 1998, J. Biomed. Mater. Res. 51: 376-382, 2000, J.
Biomater. Sci. Polymer. E. & 23-38, 19935, Br. J. Plast. Surg.
53: 200-204, 2000, which are incorporated herein by refer-
ence. See, e.g., U.S. Application Numbers 2007/0184088;
2007/0134346; 2007/0134345; 2007/0134225; 2007/
0134224,2007/0134223;2007/0134222; and 2007/0134216,
which are mcorporated herein by reference.
Device Including One or More Bone Cages Generated Using
Hydroxyapatite

The device including one or more bone cages can be gen-
erated using hydroxyapatite either alone or in combination
with other agents. Hydroxyapatite i1s synthesized by precipi-
tation after the mixing of a calcium-containing solution and a
phosphate-contaiming solution (see, e.g., U.S. Pat. No. 5,858,
318; U.S. Pat. No. 6,592,989, which are incorporated herein
by reference). For example, hydroxyapatite can be formed by
combining solutions of calcium nitrate and ammonium phos-
phate with a calcium to phosphate ratio of about 10:6. The pH
ol the solution 1s adjusted to a pH of about 2.0 with dilute acid
or to about 10.0 with dilute base. The resulting precipitate 1s
collected by centrifugation at about 9,000 to 10,000 rpm,
washed several times with distilled water, filtered and dried.
In some nstances, the slurry of hydroxyapatite granules 1n
water can be extruded through a spray nozzle under pressure
and 1n the presence heat to form smaller and more uniform
granules (see, e.g., U.S. Pat. No. 5,858,318, which is incor-
porated herein by reference). The characteristics of the result-
ing hydroxyapatite powder are assessed using X-ray difirac-
tion, Fourier transform infrared spectroscopy (FTIR),
scanning electron microscopy (SEM), and/or transmission
clectron microscopy (TEM). Alternatively, granular
hydroxvapatite 1s purchased from a commercial source
(from, e.g., Clarkson Chromatography Products, Inc., South
Willhamsport, Pa.). Hydroxyapatite granules of uniform size
can also be generated using any of a number of commercially
availlable milling and/or grinding systems (from, e.g.,
Hosokawa Micron, Summit, N.J.) followed by s1zing through
a series of sub-millimeter mesh sieves. Particle size 1is
assessed using laser light scattering instrumentation (e.g.,
Mastersizer 2000, Malvern Instruments, Inc., Malvern,
Worcestershire, UK).

The powdered hydroxyapatite can be shaped 1nto appro-
priate structures using slurry cast molding. See, e.g., Rum-
pler, et al., J. R. Soc. Interface 5:1173-1180, 2008, which 1s
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incorporated herein by reference. Casting molds can be
designed using computer-aided design (CAD) software and
produced using a three-dimensional wax printer (e.g., Model
Maker II 3D modeling system, Solidscape, Merrimack,
N.H.). The molds are filled with a slurry of hydroxyapatite
particles, heated to 600° C. to remove the wax mold, and
sintered at 1300° C. for 1 hour.

Alternatively, hydroxyapatite spheres with an internal cav-
ity are generated using methods described by Lee, et al., J.
Mater. Sci. Mater. Med. 19:3029-3034, 2008, which 1s incor-
porated herein by reference. Hydroxyapatite powder (20% by
weight) 1s vigorously mixed in dichloromethane containing
polyvinyl butyral (3% by weight) and then dropped mto a
water bath containing 2% polyvinyl alcohol. The slurry 1s
stirred while the solvent 1s evaporated. The resulting micro-
spheres (0.1 to 1 millimeter 1n diameter) are collected by
filtration, dried overnight and then heat treated from several
hours at a temperature ranging from about 600° C. to about
1200° C.

In some instances, the powdered hydroxyapatite 1s com-
pressed 1nto blocks, discs or other structures that are further
machined to form the bone cage. For example, hydroxyapa-
tite powder can be dry blended with ethylene vinyl acetate
(EVA) powder and low density polyethylene and pressed into
ceramic blocks by hot pressing at 150° C. for 5 minutes at a
pressure varying from 30-70 MPa. See, e.g., Velayudhan, et
al., Materials Letters 46:142-146, 2000, which 1s 1ncorpo-
rated herein by reference. Alternatively, preformed blocks,
discs, or other structures of hydroxyapatite can be purchased
from a commercial source (from, ¢.g., Clarkson Chomatog-
raphy Products, Inc., South Williamsport, Pa.; Berkeley
Advanced Biomaterials, Inc., Berkeley, Calif.).

One or more cavities are formed in the block of hydroxya-
patite using a drill with a micro drill bit (e.g., drill bits ranging
in size from 50-250 micrometers from Union Tools, Co.,
Buena Park, Calif.). Micro-holes in the wall of the block of
hydroxyapatite can be generated using a focused laser. A laser
can be used to cut and shape hydroxyapatite. See, e.g., Teix-
eira, etal., J Biomed. Mater. Res. A, 81:920-929, 2007, which
1s incorporated herein by reference. The block of hydroxya-
patite 1s further machined to create micro-holes as small as 1
micrometer in the wall of the block using a laser microma-
chining system with a pulsed diode pumped solid state laser
(from, e.g., Oxtord Lasers, Oxon, UK).

Cross-Linking an Immunogen and an Adjuvant to Bone Cage
Device

A device including one or more bone cages can include the
one or more immunogens and/or one or more adjuvants
attached to a surface of the one or more bone cages. The one
or more immunogens and/or one or more adjuvants can be
non-covalently attached to the bone cage by simple adsorp-
tion. For example, hydroxyapatite, a bone replacement mate-
rial with a crystal structure similar to the morganic matrix of
bone, can be used as an adsorption matrix. Studies describe
the adsorption and release of a recombinant human protein to
a hydroxyapaptite-based implant for use in delivering a
therapy to a bone graft. Boix, et al., J. Inorg. Biochem.
99:1043-1050, 20035, which 1s incorporated herein by refer-
ence. The binding to hydroxyapatite can be enhanced by
incorporating an acidic oligopeptide (e.g., six to eight resi-
dues of L-aspartic acid) into the binding biomolecule. See,
¢.g., Nishuoka, et al., Mol Genet. Metab. 88:244-35, 2006,
which 1s incorporated herein by reference.

The one or more immunogens and/or one or more adju-
vants can be linked to the bone cage through a chemical
linkage between one or more components of the immunogen
and/or adjuvant and one or more components of the bone
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cage. Chemical linkers may be used to link together proteins,
carbohydrates, oligonucleotides, small biomolecules, or
combinations thereof. In an aspect, the chemical linker can
bind directly to the mineral component of the bone.

Chemical linkers such as homobitunctional, heterofunc-
tional, and/or photoreactive cross-linking agents can be used
to link the immunogen and/or the adjuvant to biomolecules
associated with a surface of the bone cage. The immunogen
and/or the adjuvant can be linked to biomolecules associated
with a surface of the bone cage through amine groups, suli-
hydryl groups, carbohydrate groups, or a combination
thereol. Examples of homobifunctional cross linkers include,
but are not limited to, primary amine/primary amine linkers
such as BSOCES ((bis(2-[succinimidooxy-carbonyloxy]
cthyl)sulfone), DMS (dimethyl suberimidate), DMP (dim-
cthyl pimelimidate), DMA (dimethyl adipimidate), DSS (dis-
uccinimidyl suberate), DST (disuccinimidyl tartate), Sulfo
DST (sulfodisuccimmidyl tartate), DSP (dithiobis(succinim-
1dy]1 propionate), DTSSP (3,3'-dithiobis(succinimidyl propi-
onate), EGS (ethylene glycol bis(succinimidyl succinate))
and sulthydryl/sulthydryl linkers such as DPDPB (1,4-di-(3'-
[ 2'pyridyldithio]-propionamido) butane). Examples of het-
erofunctional cross linkers include, but are not limited to,
primary amine/sulthydryl linkers such as MBS (m-maleimi-
dobenzoyl-N-hydroxysuccinimide ester), Sulio MBS
(m-maleimidobenzoyl-N-hydroxysuliosuccinimide), GMBS
(N-y-maleimidobutyryl-oxysuccinimide ester), Sulfo GMBS
(N-y-maleimidobutyryloxysulfosuccinimide ester), EMCS
(N-(e-maleimidocaproyloxy)succinimide  ester), Sulfo
EMCS (N-(e-maleimidocaproyloxy)sulfo succimmide),
SIAB (N-succimmidyl(4-iodoacetyl Jaminobenzoate),
SMCC (succinimidyl 4-(N-maleimidomethyl)cyclohexane-
1-carboxylate), SMPB (succinimidyl 4-(rho- malelmldophe-
nyD)butyrate), Sullfo SIAB (N-sulfosuccimmidyl(4-io-
doacetyl)aminobenzoate), Sulio SMCC (sulfosuccinimidyl
4-(N-maleimidomethyl)cyclohexane-1-carboxylate), Sulio
SMPB  (sulfosuccimmidyl 4-(rho-maleimidophenyl)bu-
tyrate), and MAL-PEG-NHS (maleimide PEG N-hydrox-
ysuccinimide ester); sulthydryl/hydroxyl linkers such as
PMPI (N-rho-maleimidophenyl)isocyanate; sulthydryl/car-
bohydrate linkers such as EMCH (N-(e-maleimidocaproic
acid)hydrazide); and amine/carboxyl linkers such as EDC
(1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydro-
chlonde).

In an aspect, the one or more immunogens and/or the one or
more adjuvants can be linked directly to the bone cage
through a bisphosphonate linkage. Bisphosphonates bind to
the mineral phase of bone and have been used 1n the treatment
ol osteoporosis for antiresorptive therapy. An amino group
can be added to bisphosphonate by chemical synthesis and
used to fTunctionalize the bisphosphonate with a heterologous
cross-linking agent such as those described herein. The het-
erologous cross-linking agent can be used to link the amino-
bisphosphonate to a biomolecule. The biomolecule-modified
aminobisphosphonate can bind to the surface of bone as well
as to the surface of bone substitutes, e.g., hydroxyapatite. See,
e.g., BEhrick et al, Bioconjugate Chem. 19:315-321, 2008,
which 1s incorporated herein by reference.

In an aspect, the immunogen and/or the adjuvant can be
linked to the bone cage through an azide-alkyne mediated
linkage. The copper-catalyzed azide-alkyne cycloaddition 1s
a 1,3-dipolar cycloaddition between an azide and a terminal
alkyne to form a triazole. A copper-ifree cycloaddition reac-
tion has also been described for use 1n living cells. See, e.g.,
Baskin et al., Proc. Natl. Acad. Sci., USA. 104:16793-16797,
2007, which 1s incorporated herein by reference. To link one
or more components, one component 1s dertvatized with
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azide while the other component 1s derivatized with alkyne.
The components can be readily snapped together using “click
chemistry.” Viral particles, oligonucleotides, carbohydrates,
lipids, proteins, and peptides can be functionalized with azide
and/or alkyne for use 1n “click chemistry” reactions 1n which

building block components are readily “snapped” together.
See, e.g., Heme et al., Pharm. Res. 25:2216-2230, 2008;

Ming, et al., Nucleic Acids Symp. Ser. (Ox1). 52:471-472,
2008; Styn, et al., Bioconjugate Chem. 20:20-23, 2009;
Godeau, et al, J Med. Chem. 51:4374-43776, 2008, which are
incorporated herein by reference.

Cellular Restructuring a Device Including One or More Bone
Cages

The device including one or more bone cages can be con-
structed utilizing cells cultured in vitro including, but not
limited to, stem cells, fibroblasts, endothelial cells, osteo-
blasts and/or osteoclasts. The 1n vitro cultured cells can be
configured to form the bone cage structure or configured to
restructure the bone cage wall or inner compartment. Restruc-
turing the device including one or more bone cages 1s usetul
to design compartments that can provide temporal release or
triggered release of the one or more immunogens and one or
more adjuvants from the bone cage. Restructuring or restruc-
tured, as it relates to the bone cage, refers to a change 1n the
physical structure of the bone cage, including, but not limited
to, bone size, shape, architecture and quality. Bone restruc-
turing includes, but 1s not limited to, bone resorption, osteo-
conduction, or bone deposition. Timed release can depend
upon the size of the bone cage compartment and the thickness
of the bone cage wall. The bone cage wall can be slowly
degraded to release one or more of the one or more iImmuno-
gens and the one or more adjuvants. In an aspect, the non-
stem cells can be 1solated from a subject. Bone cell popula-
tions can be derived from all bone surfaces by a variety of
techniques, including, but not limited to, mechanical disrup-
tion, explanation, and enzyme digestion. 7issue Eng. 1:301-
308, 1993, which 1s incorporated herein by reference. Meth-
ods can be used to culture and/or propagate osteoprogenitor
cells and/or osteoblast-like cells 1 vitro. Int. J. Oral Maxil-
lofac. Surg. 33:325-332, 2004, which 1s incorporated herein
by reference. Culture conditions can be used for manufactur-
ing bone tissue including, but not limited to, temperature,
culture medium, biochemical and mechanical stimuli, fluid
flow and perfusion. Int. J. Oral Maxillofac. Surg. 33:523-530,
2004, which 1s incorporated herein by reference.

The non-stem cells can be differentiated from stem cells,
including, but not limited to, fetal, embryonic, cord blood,
mesenchymal and/or hematopoeitic stem cells. In an aspect,
the numbers of stem cells can be increased in culture 1n vitro
prior to differentiation. Methods can be used for 1solation,

culturing and transplantation of stem cells. Fetal Diagn. Ther.
19:2-8, 2004, Best Pract. Res. Clin. Obstet. Gynaecol.

18:853-875, 2004, which are incorporated herein by refer-
ence.

In an aspect, the stem cells can be mesenchymal stem cells.
Mesenchymal stem cells are multipotent cells found 1n sev-
cral, perhaps most, adult tissues. Blood 105:1815-1822,
2003, which 1s incorporated herein by reference. Mesenchy-
mal stem cells can be reliably 1solated and cultured in thera-
peutic quantities. Bore 13:81-88, 1992, which 1s incorporated
herein by reference. Several methods can be used to 1solate
mesenchymal stem cells from, for example, bone marrow,
adipose tissue, and muscle, based on the physical and immu-

nological characteristics. Basic & Clinical Pharmacology &
loxicology 95:209- , 2004; Ann. Biomed. Eng.
32:136-1477, 2004, which are incorporated herein by refer-

ence. Mesenchymal stem cells can differentiate into various
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lineages 1including osteoblasts 1n vitro. Science 284:143-147,
1999, J. Cell Sci. 113:1161-1166, 2000, Int. J. Oral Maxil-

lofac. Surg. 33:325-332, 2004, which are incorporated herein

by reference.

The bone cage can be comprised of cells cultured in vitro
on bone scatfolding. In an aspect, the bone scatlolding can be
degradable 1n vitro and/or 1n vivo. Porosity and pore size of
the scafiold can play a role in bone formation, osteogenesis
and osteoconduction 1n vitro and 1n vivo. Methods of mea-

suring and controlling porosity and pore size in artificial
scatfolds can be used. Biomaterials 26:5474-5491, 2005,

which 1s incorporated herein by reference.

Stem cells and/or osteoblast progenitor cells can be propa-
gated on scaffolds of a variety of shapes including, those
shown 1n FIG. 2. The cells are grown until fusion, or partially
grown to result 1n a lattice shape. The bone cells cultured 1n
vitro include autologous, allogeneic, or xenogeneic cells,
with respect to a subject within whom the bone cage 1s
implanted. A method of making a bone cage using mesenchy-
mal stem cells 1s described herein and, for example, FIG. 3B.
An artificial scatlold, for example, of degradable polymer,
can be laid down 1n the desired open lattice-work shape of the
two halves of the bone structure. Expanded mesenchymal
stem cells (autologous, allogeneic, or xenogeneic) are cul-
tured 1n the latticework shapes, 1n vitro, and encouraged to
differentiate into osteoblasts. Once the cells have populated
the lattice structure, other optional components of the device
including the one or more bone cages 1s added, and the device
1s implanted.

The bone cage can comprise living tissue. Living tissue
refers to the presence of living bone cells such as, but not
limited to, osteoblasts, or osteoclasts within the bone scaf-
fold. Living tissue includes living bone cells 1n artificial bone
scalfolding. The living tissue can be autologous, allogeneic,
or xenogeneic, with respect to a subject within whom the
bone cage 1s implanted. The bone cage can comprise dead
tissue. “Dead tissue” refers to the absence of living bone cells,
such as, but not limited to, osteoblasts, or osteoclasts within
the bone scatfold. The dead tissue can be autologous, alloge-
neic, or xenogeneic, with respect to a subject within whom the
bone cage 1s implanted.

The bone cage can be designed and/or treated, at least
partially or completely, to prevent restructuring. In the case of
a bone cage with artificial scatlolding, autologous, or non-
autologous bone, bone restructuring can include, but 1s not
limited to, the influx and growth of the subject’s bone cells 1n
the artificial, autologous, or non-autologous bone scaifold.
Mechanisms of restructuring, treatments to modily restruc-
turing, and genes governing restructuring can be used. Nature
1:477-54, 20035, which 1s incorporated herein by reference.

Methods for detecting and measuring changes in the device
including one or more bone cages 1s described. The change
can result, for example, from global or discrete increases or
decreases 1n bone mass. Alternatively, the change can result,
for example, from global or discrete increases or decreases 1n
the relative ratios of cells, including, but not limited to, the
number of osteoblasts as compared with the number of osteo-
clasts. The change can also result, for example, from global or
discrete increases or decreases 1n bone pore size and/or poros-
ity. Increase and/or decrease 1n bone mass, relative ratio of
cells, or pore size and/or porosity, for example, can be mea-
sured as any integer percent change from 1% to 99%, for
example, 10%, 25%, 50%, 75%, and 95%, as compared with
the original bone mass, relative ratio of cells, or pore size
and/or porosity, respectively, etther globally or 1 a discrete
location.
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Bone restructuring, a combination of bone resorption by
osteoclasts and bone deposition by osteoblasts, can be modi-
fied. Resorption as 1t relates to the bone cage refers to a
decrease 1n bone mass from either global or discrete reduc-
tions 1n, for example, the extracellular matrix and/or cells.
Bone resorption can be mediated by osteoclasts, so treatments
that inhibit the activity of osteoclasts decrease bone resorp-
tion. Methods for detecting and measuring these changes are

described. Biomaterials 26:5474-5491, 2005, which 1s incor-

porated herein by reference.

In an aspect, restructuring of the bone cage can be partially
or completely reduced or prevented. In an aspect, the bone
can be designed and/or treated to be at least partially, or
completely, restructured. Modifications of bone restructuring
can result, for example, from administration of compounds
that influence bone resorption and/or deposition, by the selec-
tion of the pore size and/or porosity of the bone, by the
selection of the type of bone, by the selection of the location
of implantation, as aresult of inherent, induced, or genetically
modified immunogenicity, and as a result of other genetic
modification. In an aspect, the bone 1s partially or completely
resorbable.

Compounds that influence bone restructuring through
modifications in bone resorption and/or deposition can be
applied betfore, during, or after implantation of the bone cage.
Compounds can be administered at the discretion of the
health professional and depend on the desired timing and the
extent of the modification of a subject’s bone restructuring.
Admuinistration of the compounds can be systemic or local-
1zed. Systemic and local administration includes any method
used 1n the art for pharmaceutical administration.

The device including one or more bone cages including one
or more immunogens and one or more adjuvants can be
administered locally by being applied in the subject in the
vicinity of the bone eirther globally, or in localized areas,
depending on whether complete or partial restructuring is
desired. An example 1s the incorporation of the cell binding

peptide P-15 on anorganic bovine bone matrix. Biomaterials
25:4831-4836, 2004, J. Biomed. Mater. Res. A. 74:712-721,

20035, Biomaterials 26:5648-4657, 2005, which are incorpo-
rated herein by reference. Other examples include, but are not
limited to, addition of TGF-{3, platelet-derived growth factor,
fibroblast growth factor, and bone morphogenic proteins.

In an aspect, compounds can be administered by incorpo-
ration in the bone cage including one or more i mmunogens
and one or more adjuvants optionally 1n combination with
living cells and/or tissues, as discussed herein.

Bis-phosphonates, used systemically to prevent bone
resorption can be applied before, during, or after implantation
of the bone cage to partially or completely modify bone
restructuring. Osteoporos Int. 13: 97-104, 2002; Curr.
Osteoporos. Rep. 1: 45-52, 2003, which are incorporated
herein by reference. Such therapies can also be administered
locally by treating the bone cage, or by placing them 1inside
the cage 1n combination with one of the one or more 1immu-
nogens and one or more adjuvants, or optionally one or more
cells or tissues that produce the one or more immunogen
and/or the one or more adjuvant, to elute over time. Alterna-
tively, discrete portions of the bone cage can be coated to
selectively prevent restructuring as discussed herein.

One or more hormones and/or related compounds, includ-
ing, but not limited to, estrogen, growth hormone, calcitonin,
vitamin D, and/or calcium, that encourage bone growth, can
be administered betfore, during, or after implantation of the
bone cage to partially or completely modify bone restructur-
ing. In an aspect, the bone cage can be treated globally or
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discretely with a thin layer of one or more of these hormones
to encourage bone growth throughout or 1n discrete locations.

Anabolic therapies including, but not limited to, hormones
such as parathyroidhormone (PTH-(1-84)), teriparatide
(PTH-(1-34)), and/or excess glucocorticoid, that can increase
bone turnover and porosity can be administered systemically
to partially or completely modily restructuring. Osteoporosis
Int. 13:97-104, 2002. In an aspect, these hormones can be
administered locally by treating the entire bone cage, or dis-
crete portions of the bone cage, to allow selective restructur-
ing. These hormones can be administered by placing them
inside the cage as one of the one of the one or more 1mmu-
nogens and one or more adjuvants and/or one or more cells or
tissues.

Bone resorption can be influenced by the administration of
cytokines that increase osteoclast activity including, but not
limited to, interleukin-1, M-CSF, tumor nevrosis factor, and/
or interleukin-6. Bone resportion can be mnfluenced by the
administration of cytokines that decrease osteoclast activity
including, but not limited to, interleukin-4, interferon-y, and/
or transiforming growth factor-[3. In an aspect, bone resorption
can be mfluenced by other humoral factors including, but not
limited to, leukotrienes, arachidonic metabolites, and/or
prostaglandins and their inhibitors and including 3-lipoxyge-
nase enzyme inhibitors.

Bone formation can be intfluenced by the administration of
factors that promote osteoblast activity and proliferation
including, but not limited to, insulin-like growth factors I and
I1, transforming growth factor-s, acidic and basic fibroblast
growth factor, platelet-derived growth factor, and/or bone
morphogenic proteins.

Bone formation can be intfluenced by the administration of
factors that promote osteoblast activity and proliferation
including, but not limited to, growth hormone, parathyroid
hormone (PTH), bone morphogenetic protein (BMP), trans-
forming growth factor-a (TGF-a), TGF-1, TGF-p2, fibro-
blast growth factor (FGF), granulocyte/macrophage colony
stimulating factor (GM-CSF), epidermal growth {factor
(EGF), platelet derived growth factor (PDGF), insulin-like
growth factor (IGF), scatter factor/hepatocyte growth factor
(HGF), fibrin, collagen, fibronectin, vitronectin, hyaluronic
acid, an RGD-containing peptide or polypeptide, an
angiopoietin or vascular endothelial cell growth factor
(VEGF).

Bone pore size and porosity influence bone restructuring
through modifications in bone resorption and/or deposition.
Since the size of the pores in the bone 1impacts new bone
growth, decreasing the pore size and/or the percent of poros-
ity of the bone 1n the cage reduces or prevents restructuring. In
contrast, increasing the pore size and/or the percent porosity
of the bone 1n the cage enhances restructuring. The bone cage
can be constructed such that the pore size and porosity is
approximately uniform through out the cage, or that the pore
s1ze and porosity varies depending on the location. Varying
the pore size and/or porosity 1n discrete locations leads to
partial restructuring (either partial enhancement or partial
prevention).

In an aspect, the pore size ol the one or more bone cages can
be approximately 1 nm to 10 nm, 1 nm to 20 nm, 1 nm to 25
nm, 1 nm to 30 nm, 1 nm to 100 nm, 1 nm to 150 nm, 15 nm
to 50 nm, 30 nm to 100 nm, 25 nm to 100 nm, 50 nm to 150
nm, or 25 nm to 150 nm. In an aspect, the pore size can be
larger, for example, approximately 150 nm to 500 nm, 250 nm
to 750 nm, or 500 nm to 1,500 nm, 1n one or more locations.
This can allow partial restructuring in these one or more
locations.
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In a further aspect, the pore size of the one or more bone
cages can be approximately 150 nm to 500 nm, 250 nm to 750
nm, or 500 nm to 1,500 nm. In an aspect, the pore size can be
smaller, for example, approximately 1 nm to 20 nm, 1 nm to
25nmm, ]l nmto 30 nm, 1 nm to 100 nm, 1 nm to 150 nm, 15
nm to S0 nm, S0 nm to 100 nm, 25 nm to 100 nm, S0 nm to 150
nm, or 25 nm to 150 nm. This can prevent or reduce restruc-
turing 1n these one or more locations.

The porosity can be approximately 1% to 15%, 3% to 12%,
5% to 10%, 1% to 3%, 1% to 5%, or 1% to 10% 1n one or more
locations. In an aspect, the porosity can be a greater percent-
age 1n one or more locations, for example approximately 40%
to 95%, 50% to 90%, 60% to 75%, 15% to 90%, and 25% to
90%. This can allow partial restructuring in these one or more
locations.

The type of bone used 1n the fabrication of the one or more
bone cages intluences bone restructuring through modifica-
tions 1n bone resorption and/or deposition. Measurements of
the influence on bone restructuring of each type of bone can
be performed 1n vitro, as well as 1n pre-climical and clinical
studies. Ditlerent bone types and/or sources have a differen-
tial ability to support restructuring. As a result, bone restruc-
turing can be partially or completely reduced, or alternatively,
partially or completely enhanced depending on the bone cho-
sen. In addition, different bone types/sources can be used 1n
discrete locations in the bone cage to enhance or prevent/
decrease bone restructuring.,

Studies assessing the ability of new bone or bone cells to
restructure a variety of artificial and/or anorganic bone in
bone transplant patients or in vitro culture have shown, for
example, that implantation of Bio-Oss® anorganic bovine
bone (Geistlich, Wolhusen, Switzerland) leads to limited,
reduced or absent restructuring compared with other artificial
or natural organic bone options such as Algipore® porous
fluorohydroxyapatitic biomaterial. Clin. Oral Implants Res.
15:96-100, 2004, J. Mater. Sci. Mater. Med. 16:57-66, 2005,
which are incorporated herein by reference. Since these stud-
1ies have also 1dentified artificial bone that encourages restruc-
turing, as does natural bone, the bone cage can be designed
with portions that are resistant to restructuring as well as
portions that encourage restructuring as desired.

Bone restructuring can be modified by making the bone
cage from cortical bone, or trabecular or cancellous bone. The
choice of bone will impact the extent of restructuring since
cortical bone 1s generally less porous than trabecular or can-
cellous bone. In addition, discrete parts of the bone cage can
be formed from one type of bone or another to intfluence the
restructuring of discrete locations.

Bone restructuring can be modified by the location of
implantation. Bone restructuring can be greater when the
bone 1s implanted in bone rather than other locations. The
type of bone the bone cage 1s implanted 1n will also influence
the extent of restructuring. The bone cage can be implanted in
non-bone soit tissues including, but not limited to, liver,
muscle, lung, or fat.

Immunogenicity of the bone cage influences bone restruc-
turing through modifications 1n bone resorption and/or depo-
sition by osteoblasts and osteoclasts, as well as through
immune mechanisms. Methods of influencing the immuno-
genicity of cells can be used. Examples include, but are not
limited to, the immuno-compatibility of donor and recipient,
the inherent immunogenicity of the bone material or cells, the
presence ol immune modulatory compounds, and genetic
modifications.

The device including one or more bone cages can be par-
tially or completely non-immunogenic with respect to a sub-
ject within whom the device 1s implanted, or alternatively, can
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be partially or completely recognized as self. In an aspect, the
one or more bone cages can be partially or completely immu-
nogenic with respect to a subject within whom the device 1s
implanted, or alternatively, can be partially or completely
recognized as non-self. Non-immunogenic means that the
immune response, i any, 1s not such that immune suppressive
drugs would be required following implantation of the bone
cage.

Bone cage restructuring and immunogenicity can be modi-
fied by the immuno-compatibility of donor and recipient. In a
turther aspect, bone cages completely or partially made from
bone derived from a donor autologous to the recipient of the
bone cage, are non-immunogenic and recognized as self.
Previously frozen allogeneic bone, as well as xenogeneic or
allogeneic anorganic bone, 1s considered non-immunogenic.

The device including one or more bone cages can be com-
pletely or partially made from bone derived from a donor
allogeneic to the recipient of the bone cage. In an aspect, 1n
which the bone 1s from cadavers, and frozen, de-mineralized,
and/or deorganified, immuno-suppressive therapy 1s not gen-

erally required although some recipients may develop anti-
HLA antibodies (The Merck Manual of Diagnosis and
Therapy. Sec. 12, Ch. 149). In an aspect, 1n which the alloge-
neic bone 1s not frozen, deorganified or demineralized, for
example, an immune response may result unless modified by
other means, such as immuno-suppressive therapy.

The device including one or more bone cages can be com-
pletely or partially made from bone derived from a donor
xenogeneic to the recipient of the bone cage. In an aspect, in
which the bone 1s anorganic bovine bone, for example,
immuno-suppressive therapy 1s not required, although some
recipients may experience a transient macrophage infiltrate,
but no systemic or local immune response. J. Periodontol.
65:1008-15, 1994, which 1s incorporated herein by reference.
In an aspect, in which the bone cage 1s made from xenogeneic
bone that 1s not anorganic or pre-frozen, the bone cage can be
immunogenic and not recognized as self.

The device including one or more bone cages can be par-
tially made from non-immunogenic bone including, but not
limited to, autologous bone and/or pre-frozen, de-organified,
and/or demineralized allogeneic bone, and/or anorganic
xenogenelc bone, and partially made from immunogeneic
bone including, not limited to, allogeneic bone that 1s not
pre-frozen, de-organified, and/or de-mineralized and/or
xenogeneic bone that 1s not anorganic. The immunogenic
bone can be placed 1n discrete locations to encourage restruc-
turing. In an aspect, the non-immunogenic bone can be placed
in discrete locations to prevent or reduce restructuring.

Bone cage restructuring and immunogenicity can be modi-
fied by the mherent immunogenicity of the bone material or
cells. In an aspect, the one or more bone cages can be com-
pletely or partially made from stem cells including, but not
limited to, mesenchymal, fetal, cord blood, and/or hemato-
poietic stem cells. Bone cages can be completely or partially
made from differentiated stem cells such as bone cells,
including, but not limited to, osteoblasts and/or osteoclasts,
fibroblasts, or endothelial cells. The cells can be autologous,
allogeneic, or xenogeneic as relates to a subject in whom they
are 1mplanted.

The one or more bone cages can be composed of autolo-
gous, allogeneic, xenogeneic and/or artificial bone 1 which
autologous, allogeneic, and/or xenogeneic stem cells have
been cultured. The stem cells can be induced to differentiate
into, for example, bone cells including, but not limited to,
osteoblasts and/or osteoclasts. Stem cells can be cultured 1n
discrete areas of the bone cage. The autologous, allogeneic

10

15

20

25

30

35

40

45

50

55

60

65

28

and/or xenogeneic mesenchymal stem cells can partially or
completely decrease the immunogenicity of part, or all, of the
bone cage.

Stem cells generally have decreased immunogenicity and
can induce transplant tolerance. For example, hematopoietic
stem cells can induce tolerance as can embryonic stem cells.
Expert Opin. Biol. Ther. 3:5-13, 2003, which 1s incorporated
herein by reference. In addition, transplanted allogeneic mes-
enchymal stem cells demonstrate a lack of immune recogni-

tion and clearance. Blood 105:1815-1822, 2005, Bone Mar-
row Transplant (22) 30:215-222; Proc. Natl. Acad. Sci. USA
99:8932-89377, 2002 as well as being usetful 1n graft-versus-
host disease (Lancet 363:1439-1441, 2004), which are incor-
porated herein by reference. Mesenchymal stem cells do not
activate alloreactive T cells even when differentiated into
various mesenchymal lineages (Exp. Hematol. 28:875-884,
2000; Exp. Hematol. 31:890-896, 2003, and suppress prolii-
cration of allogeneic T cells 1n an MHC-1independent manner.
Transplantation 75:389-397, 2003, Blood 105:1815-1822,
20035, which are incorporated herein by reference.

The one or more bone cages can be composed of autolo-
gous, allogeneic, xenogeneic and/or artificial bone 1n which
autologous, allogeneic, and/or xenogeneic bone cells have
been cultured. The bone cells can include, but are not limited
to osteoblasts and osteoclasts. In an aspect, the bone cells can
be cultured in discrete areas of the bone cage. Bone cages
created from autologous, allogeneic, xenogeneic and/or arti-
ficial bone, 1n which allogeneic or xenogeneic (to a subject 1n
which 1t 1s to be implanted) bone cells can be propagated,
increases the immunogenicity of the bone cage when
implanted in the subject.

Bone cage restructuring and/or immunogenicity can be
modified by the presence of immuno-modulatory com-
pounds. These include immuno-suppressive as well as
immuno-stimulatory compounds. Immuno-suppressive coms-
pounds decrease 1mmunogenicity and hence decrease
restructuring, while 1mmuno-stimulatory compounds
increase immunogenicity and hence increase restructuring.
The immuno-modulatory compounds can be administered
systemically to a subject betfore, during and/or after implan-
tation of the bone cage using methods known 1n the art. The
compounds can be adsorbed onto the surface of the bone
cage, placed 1nside 1t as the one or more immunogens and one
or more adjuvants, or secreted from the one or more cells or
tissues. In an aspect 1n which the one or more immunomodu-
latory compounds can be adsorbed onto the bone cage, they
can be adsorbed to one or more discrete locations on the bone
cage,

The immunosuppressive compounds include, but are not
limited to, corticosteroids, such as prednisolone or methyl-
prednisolone. In an aspect, the immune stimulatory and/or
inflammatory molecules include, but not limited to, tumor
necrosis factor ¢, iterferon vy, interleukin 2 (IL-2), 1L-12,
IL.-21, and/or one or more selecting. Other appropriate com-
pounds can be used by health professionals and can be found,
for example, 1n the Physician’s Desk Reference.

Immunostimulatory and/or mflammatory molecules can
be applied to discrete locations on the bone cage. This can
result in partial or complete restructuring of the discrete area.
Immunosuppressive compounds can be applied to discrete
locations on the bone cage. This can prevent or reduce
restructuring of the bone cage 1n at least those locations.
The bone cage can comprise cells that have been geneti-
cally modified. In an aspect, the genetically modified cells
include, but are not limited to, stem cells, bone cells, cells
comprising the semi-permeable component, and/or one or
more cells or tissues.
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Genetic modification of cells can influence bone restruc-
turing and/or immunogenicity. Genetic modification of cells
influences bone resorption and/or deposition. In an aspect,
genetic modification of cells stimulates or inhibits immune
reactions. Genetic modification of cells influences the perme-
ability and/or the immuno-isolatory aspects of the semi-per-
meable component. Genetic modification of cells results in
the release, secretion, diffusion and/or deposition of one or
more immunogens and one or more adjuvants. Genetic modi-
fication of cells influences the binding of one or more 1mmu-
nogens and one or more adjuvants to the bone cage including,
but not limited to, the bone wall and/or the semi-permeable
component.

The bone cage comprises genetically modified stem cells
including, but not limited to, embryonic, fetal, mesenchymal,
and/or hematopoietic stem cells. The stem cells can be non-
differentiated. The stem cells can be stimulated to differenti-
ate. The stem cells can be non-differentiated mesenchymal
stem cells. The mesenchymal stem cells can be differentiated
into cells including, but not limited to, osteoblast, osteoclast
or endothelial cells.

Cells can be genetically modified to increase or decrease
bone restructuring. Stem cells, such as mesenchymal stem
cells, can be genetically modified to be more or less osteo-
conductive when differentiated into osteoblasts or other com-
ponents ol bone. Methods for genetic modification of mes-

enchymal stem can be used. Ann. Biomed. Eng. 32:136-47,
2004, Biochem. Biophysica Acta September 15 Epub, 2005;

Cloning Stem Cells &: 154-166, 2005, which are incorpo-
rated herein by reference.

Methods for modifying the osteoconduction of cells are
described. For example, bone morphogenetic protein-2
(BMP-2) an osteoinductive agent, up-regulates the expres-
s10n of osteogenic phenotypes, and induces bone nodule for-
mation 1n a dose-dependent manner. Spine 29:960-5, 2004,
which 1s incorporated herein by reference. Ciz, an inhibitor of
osteoblast differentiation, interferes with bone morphogenic
protein signaling, that leads to increased bone mass. In a
turther aspect, a BMP and/or Ciz gene can be transduced into
cells and/or 1ts expression up-regulated. Alternatively, a BMP
and/or Ciz gene can be deleted from the cells by genetic
knock out, RNA1, or antisense nucleic acid, and/or 1ts expres-
sion down-regulated by genetic 1nactivation methods.

Cells can be genetically modified to increase or decrease
immunogenicity and/or an immune response. In an aspect,
the cells including, but not limited to, stem cells, bone cells,
cells of the semi-permeable component, and/or the one or
more cells or tissues, can be genetically modified to express
immune recognition markers of the host, to secrete and/or
express anti-inflammatory molecules, and/or to express or
secrete immune-stimulatory molecules.

Device Including One or More Bone Cages Including a Semi-
permeable Component

The bone cage partially or completely surrounds and/or 1s
surrounded by a semi-permeable component. The bone cage
partially or completely encloses and/or 1s enclosed by a semi-
permeable component. The semi-permeable component can
be partially or completely comprised of the bone wall of the
bone cage. The semi-permeable component can be partially
or completely external to the bone wall of the bone cage. The
semi-permeable component can be partially or completely
internal to the bone wall or the bone cage. The semi-perme-
able component partially or completely encloses one or more
immunogens and one or more adjuvants, optionally 1n com-
bination with one or more cells or tissues that produce the one
or more immunogen and/or the one or more adjuvant. The
semi-permeable component can include, but 1s not limaited to,
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artificial membrane, cells with tight junctions, plasma mem-
brane, micelles, liposomes, virosomes, intracellular mem-
branes, red blood cells, red blood cell ghosts, or aggregated
platelets. In an aspect, the device including one or more bone
cages can include red blood cells loaded with one or more
immunogens and/or one or more adjuvants. Red blood cells
loaded with one or more immunogens and/or one or more
adjuvants can be useful 1n treatment of HIV infection by
targeting immunogen and adjuvant to viral reservoirs carry-
ing replication-competent HIV, including monocytes/mac-
rophages. Cervasi et al., J. Virol. 80: 10335-10345, 2006; M.
Magnani, Ervthrocyte Engineering for Drug Delivery and
largeting, Landes Bioscience, Austin Tex., 2002; “Erythro-
cyte-based drug delivery”, Expert Opinion on Drug Delivery,
2:311-322, 2005, which are incorporated herein by reference.

Semi-permeable component refers to a selective impedi-
ment to the passage of fluids and/or substances 1n the fluids. In
an aspect, the semi-permeable component can prevent the
passage of macromolecules and cells, but allows the passage
of oxygen and/or nutrients. The passage of one or more
immunogens and one or more adjuvants from the cage and/or
products can be released by the one or more cells or tissues in
the cage can be allowed. In an aspect, the passage of macro-
molecules, or macromolecules and cells can be allowed.

The semi-permeable component can include, but 1s not
limited to, the bone wall, one or more semi-permeable mem-
branes, cells with tight junctions, one or more plasma mem-
branes, one or more 1intracellular membranes, one or more red
blood cell ghosts, and one or more aggregated platelets or
other cells. The semi-permeable component can be com-
prised of cells that are autologous, allogeneic, or xenogeneic
with respect to a subject within whom the semi-permeable
component may be implanted.

In an aspect, part or all of the semi-permeable component
can be partially or completely non-immunogenic and/or can
be recognized as self by a subject within whom it 1s
implanted. In an aspect, part or all of the semi-permeable
component can be partially or completely immunogenic and/
or can be recognized as non-self by a subject within whom 1t
1s implanted.

The semi-permeable component can be comprised of cells
that are cultured 1n vitro. The semi-permeable component can
be comprised of cells that are genetically engineered. In an
aspect, some or all of the cells can be genetically engineered
to release, secrete, deliver, diffuse, and/or provide one or
more immunogens and one or more adjuvants. In an aspect,
some or all of the cells can be genetically engineered to be less
immunogenic or to be more immunogenic. In yet other
aspects, some or all of the cells can be genetically engineered
to 1ncrease or decrease bone restructuring including, but not
limited to, bone deposition and bone resorption. The semi-
permeable component can be designed to at least partially or
completely enhance restructuring.

The semi-permeable component can be a semi-permeable
membrane. The semi-permeable membrane can include, but
1s not limited to, artificial membranes, biological membranes,
and/or a combination of artificial and biologically-derived
components. The manufacture and use of artificial semi-per-
meable membranes can be used. Cell Transplant 10:3-24,
2001, which 1s incorporated herein by reference. Artificial
semi-permeable membranes include, but are not limited to,
hydrogel membranes. Biochim. Biophys. Acta 804:133-136,
1984, Science 26:967-977, 1991, J. Biomed. Mater. Res.
26:967-977, 1992 and ultrafiltration membranes Diabetes
45:342-347, 1996, J. Clin. Invest. 98:1417-1422, 1996;
Transplantation 59:1485-1487, 1995, J. Biomech. Eng. 113:
152-170, 1991, both of which can be employed in the
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immuno-isolation of xenografts, for example Ann. NY Acad.
Sci. 875:7-23, 1999. The membranes can be made, for
example, from polymer films and thermoplastic hollow
fibers. In addition, biological semi-permeable membranes
can be used to encapsulate 1slet cells followed by implanta-
tion. World. J. Gastroenterol. 11:5714-5717, 2005, which 1s
incorporated herein by reference.

The semi-permeable component can be partially or com-
pletely composed of cells with tight junctions. Tight junction
or zonula occludens refers to the intercellular junction that
regulates diffusion between cells and allows the formation of
barriers that can separate compartments of different compo-
sition. The intercellular gate formed by tight junctions 1s size
and 1on selective, among other things.

The cells with tight junctions can include, but are not
limited to, epithelial and/or endothelial cells, or a combina-
tion. Both epithelial cells and endothelial cells can form tight
junctions between cells. Methods 30:228-234, 2003, which 1s
incorporated herein by reference.

The semi-permeable component can be comprised of cells
with tight junctions where the cells are stem cells, or are
differentiated from stem cells. Stem cells can be cultured 1n
vitro to confluency on the interior and/or exterior of a bone
scaifold of the desired shape and composition. The stem cells
can include, but are not limited to, one or more of mesenchy-
mal, embryonic, fetal, or hematopoietic stem cells. The stem
cells can be stimulated to differentiate. The stem cells can
differentiate 1nto one or more of endothelial cells and epithe-
lial cells. The stem cells can differentiate into bone cells,
including, but not limited to, osteoblasts or osteoclasts. The
stem cells do not differentiate into bone cells.

Methods for differentiating mesenchymal stem cells 1nto
endothelial cells Basic & Clin. Pharmacol. & Toxicol.
05:209-214, 2004 and hematopoietic stem cells into epithe-
l1ial stem cells can be used. Stem cells can be relatively non-
immunostimulatory, and to retain this characteristic follow-
ing differentiation.

The semi-permeable component can be a plasma mem-
brane. The plasma membrane can be made from red cell
ghosts. Red cell ghosts can be created by removal of the
erythrocyte cytoplasm by lysis followed by size-exclusion
chromatography. In an aspect, one or more red cell ghosts
encapsulate the one or more immunogens and one or more
adjuvants optionally 1n combination with the one or more
living cells and/or tissues. Methods of using red cell ghosts

for drug delivery have been described. Expert Opinion on
Drug Delivery 2:311-322, 2003, Drug Delivery, 2003 Taylor

& Francis eds. 10(4):277-282; BioDrugs 18:189-198, 2004,
which are imcorporated herein by reference.

The one or more red cells ghosts can be fused to form an
internal or external continuous or semi-continuous mems-
brane. The fused red blood cell ghosts encapsulate the one or
more immunogens and one or more adjuvants optionally in
combination with the one or more living cells and/or tissues.

The semi-permeable component can include an aggregate
of platelets. The bone cage 1s coated internally and/or exter-
nally with a platelet aggregating compound on which plate-
lets aggregate 1n vitro and/or 1n vivo. The platelet aggregating
compound 1ncludes, but 1s not limited to, fibrin, fibrinogen
and/or thrombin. For example, fibrinogen 1s known to play a
role 1n platelet aggregation. Coll. Anthropol. 29:341-9, 2005,
which 1s incorporated herein by reference.

The device including one or more bone cages can comprise
one or more immunogens and one or more adjuvants. The one
or more immunogens and one or more adjuvants can be
surrounded by the semi-permeable component. In an aspect,
the one or more immunogens and one or more adjuvants can
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be adsorbed to the bone cage. The bone cage binds one or
more immunogens and one or more adjuvants. The bone cage
can bind covalently or 1ionically to one or more immunogens
and one or more adjuvants The bone cage can bind these
molecules following their release from the bone cage and/or
living cells and/or tissues. The one or more immunogens and
one or more adjuvants comprise part of the bone wall. The one
or more immunogens and one or more adjuvants can be bound
to the semi-permeable component and/or one or more cells or
tissues. The one or more immunogens and one or more adju-
vants can be released from, provided by, secreted from, and/or
diffuse from cells of the bone wall, the semi-permeable com-
ponent, and/or one or more cells or tissues.

Biologically active molecules, e.g., one or more immuno-
gens and one or more adjuvants, include any molecule that
has a measurable biological action 1n a subject. For example,
biologically active molecules would include, but not be lim-
ited to, any molecules described 1n this disclosure including,
but not limited to, molecules that enhance or reduce bone
restructuring including bone resorption and deposition, and/
or that enhance or reduce an immune response. These bio-
logically active molecules would include, but not be limited
to, pharmaceutically acceptable compounds 1including

parenteral drugs, nutrients, and vitamins including, but not
limited to, those described 1n this disclosure for the treatment
ol particular diseases or disorders.

The device including one or more bone cages includes one
or more 1mmunogens and one or more adjuvants optionally
wherein one or more cells or tissues produce the one or more
immunogens and/or the one or more adjuvants. A semi-per-
meable component can surround the one or more Immuno-
gens and one or more adjuvants optionally in combination
with one or more cells or tissues. The cells can be autologous,
allogeneic, or xenogeneic with respect to a subject within
whom they may be implanted. The cells can be cultured in
vitro. In an aspect, the cells can be non-immunogenic and/or
are configured to be recognized as self by a subject within
whom they 1s implanted. In an aspect, the one or more cells or
tissues can be genetically engineered. The one or more cells
or tissues can be genetically engineered to release, provide,
diffuse and/or extrude the one or more immunogens and/or
one or more adjuvants.

The one or more living cells and/or tissues can include, but
are not limited to, cells and/or tissues that produce, express
and/or secrete immune/inflammation-related, biochemical
function-related, metabolism-related, and/or hormone-re-
lated biologically active molecules. The one or more living
cells and/or tissues can include, but are not limited to, bacte-
ria, yeast, 1slet cells, liver cells, thyroid cells, bone cells,
and/or neural cells.

Other aspects include methods for delivering one or more
immunogens and one or more adjuvants to a subject. The one
or more immunogens and one or more adjuvants to be deliv-
ered to the subject are 1dentified and/or selected, for example
by health care workers including, but not limited to, physi-
cians responsible for the health of the subject. One or more of
the bone cages described above can be selected for delivery of
the one or more immunogens and one or more adjuvants. The
one or more immunogens and one or more adjuvants can be
provided with or added to the bone cages, and/or released
from one or more cells or tissues provided with or added to the
bone cages, and/or released from the cells comprising the
semi-permeable component provided with or added to the
bone cages. The device including one or more bone cages
including the one or more immunogens and one or more
adjuvants optionally in combination with cells or tissues and/
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or semi-permeable component can be implanted 1n the sub-
ject to allow delivery of the one or more immunogens and one
or more adjuvants.

Bone Cage Device Including Immunogen and Adjuvant as a
Vaccine

The device including one or more bone cages includes one
or more immunogens provided 1n combination with one or
more adjuvants, for active immunization of a subject against
a pathological condition, e.g., infectious disease or neoplastic
disease. An immunogen 1s a substance that, as a result of
coming 1n contact with appropriate tissues of an animal body,
can induce an immune response, for example formation of
antibodies and/or cell-mediated immunity. Information and
examples of immune responses can be found 1n Delves et al,
Roitt’s Lssential Immunology, 11th edition, Wiley-Black-
well, 2006, which 1s incorporated herein by reference. An
immunogen icludes any type of biological or synthetic com-
pound including, but not limited to, a compound from a
pathogenic organism, a substance endogenous to the subject
causing a pathological condition 1n the subject, or a synthetic
substance.

Immunogens from Pathogens.

The device including one or more bone cages can be used
to administer one or more immunogens and one or more
adjuvants that constitute a vaccine against a pathogen, e.g.,
viruses, bacteria, fungi, and parasites. Examples of pathogens
include, but are not limited to, viruses, e.g., herpes simplex
virus (HSV), hepatitis A virus, hepatitis B virus (HBV), hepa-
titis C virus (HCV), cytomegalovirus (CMV), dengue virus,
flavivirus, Epstein-Barr virus (EBV), influenza virus, measles
virus, human immunodeficiency virus (HIV), human papil-
loma virus (HPV), Japanese encephalitis virus, norovirus,
polio virus, rotavirus, respiratory syncytial virus (RSV),
cbola virus, rabies virus, Sendai virus, severe acute respira-
tory syndrome (SARS) coronavirus, smallpox virus, West
Nile virus, yellow fever virus; bactena, e.g., Mycobacterium
tuberculosis (tuberculosis), Chlamydia trachomatis (ira-
choma), Haemophilus influenzae (otitis media), Neisseria
meningilidis (meningitis), Streptococcus pneumoniae (pneu-
momnia), Escherichia coli (1intestimal disorders) Staphviococ-
cus aureus, Bacillus anthracic (anthrax), Borrelia burgdor-
feri (Lyme’s disease); and parasites, e.g. Plasmodium
(malaria), Leishmania, Trypanosoma cruzi, Trypanosoma
brucei, Ascaris [umbricoides (ascariasis), hookworm,
Onchocerca volvulus (river blindness), Schistosoma (schis-
tosomasis), Trichuris trichiura (trichurasis).

Immunogens used with the device including one or more
bone cages as a vaccine against a pathogen can be derived
from any of a number of sources including, but not limited to,
living microorganisms that are naturally avirulent or that have
been modified to attenuate their virulence while retaining,
adequate 1mmunogenic properties; heat and/or chemically
inactivated/killed virulent microorganmisms; immunogens
extracted from or secreted by an infectious agent; immuno-
gens produced by recombinant DNA technology; a live,
recombinant vector producing immunogens in vivo in the
vaccinated host; plasmid DNA; immunogens produced by
chemical synthesis 1n vitro. Examples of commonly admin-
istered vaccines containing live, attenuated microorganisms
include those for yellow fever, measles, oral polio, varicella,
rubella, mumps, and rotavirus. Examples of commonly
administered vaccines containing inactivated/killed microor-
ganisms include those for intluenza, cholera, bubonic plague,
polio, rabies and hepatitis A. Examples of commonly admin-
istered vaccines derived from toxins include those for tetanus
and diphtheria. Examples of vaccines using one or more
isolated 1mmunogens from a microorganism include the
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hepatitis B vaccine that 1s composed of only the surface
proteins of the virus and the virus-like particle (VLP) vaccine
against human papillomavirus (HPV).

The immunogen can be a live, attenuated pathogen, e.g., a
live, attenuated virus, bacteria, or parasite. In some 1nstances,
the live attenuated pathogen can be naturally-occurring. In an
aspect, the live attenuated pathogen 1s generated by environ-
mental and/or genetic manipulation. Examples of environ-
mental manipulation include, but are not limited to, chemical
or radiation induced attenuation of the virulent strain or
extensive passage of the virulent strain at suboptimal tem-
peratures. For example, cold adapted strains of influenza A
and 1influenza B have been developed by multiple passages at
progressively lower temperatures 1in primary chicken kidney
cells, resulting 1n attenuated influenza strains that only repli-
cate at 25° C. or well below normal mammalian body tem-
perature. Murphy & Coelingh, Viral Immunol. 15:295-323,
2002, which 1s incorporated herein by reference. As another
example, non-replicating, but metabolically active Plasmo-
dium falciparum sporozoites for malaria vaccination have
been generated by 1rradiation. Luke & Hoftman, J. Exp. Biol.
206:38003-3808, 2003, which 1s incorporated herein by ret-
erence. Alternatively, live, attenuated pathogen can be gener-
ated by reverse genetics, whereby the infectious pathogen 1s
produced entirely from recombinant cDNA and predeter-
mined changes in the nucleotide sequence are introduced by
site-directed mutagenesis to generate a new, attenuated vac-
cine strain. See, ¢.g., Murphy & Collins, J. Clin. Invest. 110:
21-27, 2002; Neumann, et al., Proc. Natl. Acad. Sci. USA.
06:9345-9350, 1999, which are incorporated herein by refer-
ence.

The immunogen can be an 1nactivated pathogen, e.g., an
inactivated virus, bacteria, or parasite, 1n which the ability of
the pathogen to replicate has been eliminated, but the ability
to mount an immune response remains intact. An mactivated
virus, bacteria or parasite can be generated using heat, UV
irradiation, formalin or other chemicals such as O-propiolac-
tone or a photoinducible agent. For example, the Ebola virus
can be inactivated with the photoinducible alkylating agent
1,5-10donaphthylazide without compromising immunoge-
nicity and structural integrity. See, e.g., Warfield, et al., J.
Infect. Dis. 196 Suppl 2:S276-S283, 2007, which 1s 1ncorpo-
rated herein by reference.

In an aspect, the immunogen can be all or part of a cell
lysate generated, for example, from a microbial antigen, viral
antigen, parasite antigen, fungal antigen, plant antigen, ani-
mal antigen, endogenous antigen, or synthetic antigen. A cell
lysate can be generated by mechanical methods, non-me-
chanical methods, or a combination thereof. Examples of
mechanical methods for generating a cell lysate include, but
are not limited to, sonication, homogenization by dounce or
glass beads, and osmotic lysis. Examples of non-mechanical
methods include, but are not limited to, detergents, alkali, and
enzymatic degradation (e.g., lysozyme, lysostaphin, zymol-
yase, lyticase). The immunogen can be a whole cell lysate.
Alternatively, the immunogen can be a subfraction of the
whole cell lysate, e.g., the cell wall subiraction. A whole cell
lysate can be subiractionated by differential centrifugation to
generate a cell wall/membrane fraction. Alternatively, a
whole cell lysate can be subiractionated using beads or other
particles that include one or more antibody directed to a
biomolecule associated with one or more cell subiraction.
Immunogens can include all or parts of viruses, bacteria,
parasites, and other microorganisms, €.g., coats, capsules,
cells walls, tlagella, fimbrae, and toxins.

The immunogen can be one or more specific biomolecules
associated with the pathogen, particularly biomolecules
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expressed on the surface of the pathogen. Pathogen associ-
ated biomolecules can be purified from a natural source.
Alternatively, pathogen associated biomolecules, for
example, proteins, can be generated by recombinant DNA
technology using standard methodologies. Recombinant
DNA technology can also be used to produce enzymes
required for modification to endogenous proteins, lipids,
polysaccharides or lipopolysaccharides. For example, cDNA
encoding all or part of an immunogen or one or more enzyme
required for modification or production thereot, can be 1so-
lated using polymerase chain reaction (PCR) amplification in
combination with primers based on DNA sequence available
in the Genbank Database. Benson, et al., Nucleic Acids Res.
36:125-30, 2008, which 1s incorporated herein by reference.
Production or modification of an immunogen can include,
¢.g., CDNA encoding glycosylation enzymes for glycosyla-
tion of a protein, glycoprotein, or lipopolysaccharide. cDNA
encoding glycosylation enzymes can be configured to correct
abberant glycosylation 1n protemn, glycoprotein, or
lipopolysaccharide associated with tumor cells. The modifi-
cation may only be needed for surface expression or may be
part of the immunogen 1tself. In some 1nstances, the recom-
binant expression of one or more pathogen protein can result
in formation of viral-like particles 1n which expressed capsid
proteins, for example, spontaneously assemble 1nto particles
that are structurally similar to authentic virus. Roy & Noad
Human Vaccines 4:5-8, 2008, which 1s incorporated herein by
reference.

The immunogen can be produced by cells encapsulated in
the bone cage. The cells encapsulated 1n the bone cage may
naturally express the immunogen, or the cells may be geneti-
cally engineered to express the immunogen. The genetically
engineered cells can be bacteria, yeast, parasites, isect cells,
or mammalian cells. The mammalian cells can be autologous,
allogeneic or xenogeneic relative to the subject. In an aspect,
the immunogen can be a live, attenuated pathogen, e.g., virus
or bacteria that 1s propagated in the encapsulated cells. Alter-
natrvely, the immunogen can be one or more specific proteins
generated in the cells using standard recombinant DNA tech-
niques. For example, the cDNA sequence corresponding to
the immunogen can be generated using standard polymerase
chain reaction (PCR) amplification and an appropriate cDNA
library or reverse-transcribed mRNA with primers designed

based on the known cDNA sequence of the immunogen from,
¢.g., the GenBank Database. Benson, et al., Nucleic Acids
Res. 36:D25-30, 2008, which 1s incorporated herein by rei-
erence. In an aspect, site-directed mutations can be made to
nucleotide sequence of codons within the immunogen coding,
sequence to align the sequence with mammalian codon usage
to enable more eflicient expression 1n mammalian cells. See,
¢.g., Garmory, et al., Genetic Vaccines Ther. 1:2, 2003, which
1s mncorporated herein by reference. The cDNA encoding the
immunogen 1s cloned into an expression vector, transiected
into a cell line, and cloned cells expressing the immunogen
biomolecule, which may or may not be modified by glycosy-
lation and/or lipidation, are identified using standard meth-
ods. The cells can transiently or stably express the immuno-
gen. The relative expression of the immunogen by the cells
can be assessed using any of a number of assay systems. The
expression of messenger RNA (mRNA) corresponding to the
immunogen can be assessed by quantitative PCR, Northern
analysis, 1n situ hybridization, or other methods designed to
assess the presence and/or quantity of a specific mRNA 1n a
cell. The expression of actual immunogen 1n the cells can be
assessed by Western analysis, immunocytochemistry, or
other methods designed to assess the presence and/or quantity

of a specific protein 1n a cell. Secretion of the immunogen out
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of the genetically engineered cell can be assayed, for
example, by analysis of 1n vitro culture medium using, e.g., an
immunoassay system such as an enzyme-linked immunosor-
bent assay (ELISA) with immunoreagents specific for the
immunogen. Secretion of the immunogen out of the geneti-
cally engineered cell can further be assayed, for example, by
analysis 1n vivo for presence of the immunogen in serum or
tissue of the subject. In an aspect, the genetically engineered
cells expressing the immunogen are encapsulated 1n alginate
or other physiologically compatible encapsulation medium

prior to incorporation into the bone cage. See, e.g., Read, et
al., Nature Biotechnol 19:29-34, 2001, Orive, et al., Nature

Medicine. 9:104-107, 2003; U.S. Patent Application Nos.
2004/0005302; 2007/0258901; 2008/0107686 which are
incorporated herein by reference.

The immunogen can include one or more polypeptides,
which may or may not be modified by glycosylation and/or
lipidation. In some instances, the one or more polypeptides
can represent one or more immunogenic portions of a protein
associated with a pathogen. The immunogenic polypeptides
can be predicted using computational modeling. See, e.g.,

Florea, et al., Proceedings 2003 IEEE Bioinformatics Con-
ference, Aug 11-14, 2003, p. 17-26; Toussaint, et al., PLoS

Comput. Biol. 4:€¢1000246, 2008, which are 1nc0rp0rated
herein by reference. Alternatively, the one or more peptides
can be mimotopes that act as surrogate immunogens for bio-
molecules that are otherwise not very immunogenic such as,
for example, the carbohydrates found on the surface of some
pathogens. See, e¢.g., Monzavi-Karbassi, et al., Trends Bio-
technol. 20:207-214, 2002, which 1s incorporated herein by
reference. A mimotope 1s a macromolecule that mimics the
structure ol an epitope or that portion of the immunogen
recognized by an antibody or other receptor, and 1s able to
induce an antibody response 1dentical to that elicited by the
authentic epitope. Mimotopes can be synthetic compounds,
¢.g., shaped gels. Alternatively, mimotopes can be synthetic
peptides screened from combinatorial solid-phase peptide
phage libraries using an antibody or other receptor that nor-
mally binds to the immunogen of interest. For example, stud-
1ies describe screening a peptide library with a neutralizing,
protective antibody against respiratory syncytial virus (RSV)
to 1dentily peptides that mimic the epitope of the fusion (F)
protein of the virus. Steward. Biologicals 29:215-219, 2001,
which 1s incorporated herein by reference. Once 1dentified,
the one or more peptides can be generated using either recom-
binant DNA techniques or by chemical synthesis with a com-
mercially available peptide synthesizer (e.g., ABI 433 A Pep-
tide Synthesizer from Applied Biosystems, Inc., Foster City,
Calif.).

The device including one or more bone cages including an
immunogen and an adjuvant can further include one or more
circular plasmid DNAs that include genes encoding all or part
of one or more target immunogens, or ONe Or More enzyme
required for modification or production thereof, e.g., protein
glycosylation or production of lipopolysaccharide, under the
transcriptional control of a promoter region active i host
cells. Promoters include, but are not limited to, SV40 pro-
moter, rous sarcoma virus (RSV) promoter, adenovirus pro-
moter, cytomegalovirus (CMV ) 1immediate early promoter. In
an aspect, site-directed mutations can be made to codons
within the sequence encoding the immunogen or enzyme to
align the sequence with mammalian codon usage to enable
more eificient 1n vivo expression from the plasmid DNA. See,
e.g., Garmory, etal., Genetic Vaccines Ther. 1:2, 2003, which
1s incorporated herein by reference. The bone cage including
the plasmid DNA encoding an immunogen and/or an adju-
vant can be administered to a subject, taken up by the cells in
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proximity to the site of administration, and the host cells
expressing the immunogen and/or the adjuvant 1n the subject
produce the pathogen-related immunogen. The plasmid DNA
can be mcorporated as a hydrogel within the bone cage. One
or more DNA vaccines can be used within the bone cage. For
example, the HIV DNA vaccine pGA2/JIS2 (from GeoVax,
Atlanta, Ga.) expresses several HIV proteins including those
encoded by the genes gag, pro, RT, env, tat, vpu, and rev. DNA
based vaccines, e.g., for HIV, avian influenza H3N1, SARS,
hepatitis C virus, West Nile virus, tuberculosis, and malana,
have been or are currently undergoing climical trials and a
DNA vaccine for West Nile virus has been approved for
veterinary use.

Tumor Immunogens.

The device including one or more bone cages can be used
to administer one or more immunogens and one or more
adjuvants that constitute a vaccine to treat neoplastic disease,
¢.g., tumor cells or cancer cells. Cancer vaccines are designed
to stimulate a subject’s immune system to recognize and
climinate cancer cells. Cancer vaccine strategies can include,
for example, whole cell vaccines, antigen therapy vaccines,
antigen-presenting cell vaccines, and non-specific therapy
and cytokine therapy. Cancer vaccines can be used against
neoplastic diseases that include, but are not limited to, pan-
creatic cancer, prostate cancer, cervical cancer, breast cancer,
ovarian cancer, bladder cancer, kidney cancer, multiple
myeloma, non-small cell lung cancer, colorectal cancer, leu-
kemia, melanoma, glioma, gastric cancer, esophageal cancer,
head and neck cancer, hepatic cancer, renal cell carcinoma,
testicular cancer, or uterine cancer.

The immunogen included 1n a device including one or
more bone cages for use as a cancer vaccine can be all or part
of a tumor cell. The immunogen can be a multivalent cell-
culture of different tumor cells lines established ex vivo prior
to use 1n the bone cage. The cell culture can 1include non-
autologous immunogens and the use of multiple cell lines to
help ensure that at least some of the antigens in the vaccine are
shared by the subject’s own tumor. Alternatively or 1n addi-
tion, the immunogen can include an autologous cell line
prepared by harvesting tumor cells from the subject to be
treated. See, e.g., Berger, et al., J. Pharm. Pharmaceut. Sci.
10:144-152, 2007, which 1s incorporated herein by reference.
The autologous and/or non-autologous tumor cells can be

killed prior to (re antroduction into the subject. An example of

a tumor killing agent 1s dinitrophylate. Alternatively, the
autologous tumor cells can be otherwise alive but imnactivated
by lethal irradiation. The autologous or non-autologous
tumor cells can be genetically modified by recombinant DNA
techniques to boost the immune response. For example, the
autologous or non-autologous tumor cells can be genetically
engineered to ectopically express 1L-2, 1L-12, IL-21, GM-
CSF, or other cytokine. The device including one or more
bone cages including tumor cells can be administered alone
or in combination with autologous antigen presenting cells,
¢.g., dendritic cells.

The immunogen can be one or more tumor-associated anti-
gens. A tumor-associated antigen can be, for example, a
endogenous protein or other molecule, e.g., lipid, lipoprotein,
polysaccharide or lipopolysaccharide, that 1s otherwise well
sequestered from the immune system, that 1s normally pro-
duced 1n extremely small quantities, that 1s normally pro-
duced only in certain stages of development, that carries
iappropriate modification such as glycosylation, or whose
structure 1s modified due to one or more mutation, or a com-
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a viral protein derived from a wvirally imduced tumor.
Examples of tumor associated antigens that might be used as
immunogens include, but are not limited to, prostatic acid
phosphatase (PAP), carcinoembryonic antigen (CEA), a feto-
protein, prostate specific antigen (PSA), CA-123, 32-micro-
globulin, 3-hCG, bombesin, CA 19-9, CA 15-3, chromogra-
nin A, thyroglobulin, TA 90, MART-1/Melan-A, MART-2,
tyrosinase, Gpl00, MAGE-1, MAGE-3, BAGE, GAGE,
URLCI10, Her2/neu, GM2, MUC1, MUC2G, globo H,
LAGE-1, TTK-567, neuron-specific enolase (NSE), prostate-
specific membrane antigen (PSMA). An extensive list of
tumor antigens 1s provided in Novellino, etal., Cancer Immu-
nol. Immunother. 54:187-207, 2005, which 1s incorporated
herein by reference. All or part of a tumor antigen can be
produced as recombinant protein using standard techniques.
For example, cDNA encoding all or part of a tumor antigen, or
one or more enzyme required for modification or production
thereof, can be 1solated using polymerase chain reaction
(PCR) amplification 1n combination with primers based on
DNA sequence available 1n the Genbank Database. Benson,
ctal., Nucleic Acids Res. 36:125-30, 2008, which 1s incorpo-
rated herein by reference. Production or modification of an
immunogen can include, e.g., cDNA encoding glycosylation
enzymes for glycosylation of a protein, glycoprotein, or
lipopolysaccharide. cDNA encoding glycosylation enzymes
can be configured to correct abberant glycosylation 1n pro-
tein, glycoprotein, or lipopolysaccharide associated with
tumor cells. Alternatively, the cDNA encoding all or partof a
tumor antigen can be from a commercial source (ifrom, e.g.,
Origene, Rockville, Md.).

One or more immunogens 1n a device including one or
more bone cages usetul as a tumor antigen 1n a cancer vaccine
can be identified using a number of analytical methods
including, but not limited to, genomics (e.g., comparative
genomic hybridization (CGH) array, spectral karyotyping
(SKY)), transcriptomics (e.g., microarrays, representational
difference analysis (RDA), serial analysis of gene expression
(SAGE), suppression subtractive hybridization (SSH), cancer
profiling array (CPA), quantitative real time PCR (QPCR),
RNA-in situ hybridization), proteomics (2-dimensional gel
clectrophoresis, mass spectrometry, glycomics, immunohis-
tochemistry (IHC), tissue arrays, fluorescence activated cell
sorting (FACS), serological identification of antigens by
expression cloning (SEREX)), antibody technologies (e.g.,
murine or human monoclonal hybridomas, phage display
libraries), or combinations thereof. See, e.g., Carter, et al.,
Endocrine-Related Cancer 11:659-687, 2004, which 1s incor-
porated herein by reference.

One or more immunogens in a device including one or
more bone cages for use as a cancer vaccine can be produced
by cells encapsulated in the bone cage. The cells encapsulated
in the bone cage can naturally express the immunogen. Alter-
natively, the cells can be genetically engineered to express the
immunogen. The genetically engineered cells can be bacteria,
yeast, parasites, insect cells, or mammalian cells. The mam-
malian cells can be autologous, allogeneic or xenogeneic
relative to the subject. The immunogen can be one or more
specific tumor antigens generated 1n the cells using standard
recombinant DNA techniques as described herein. The cDNA
encoding the immunogen, or one or more enzymes required
for modification or production thereof, 1s cloned into an
expression vector, transfected into a cell line, and cells
expressing the immunogen biomolecule are identified using
standard methods. The cells can transiently or stably express
the immunogen. The relative expression of the immunogen
by the cells can be assessed using any of a number of assay
systems as described herein. In an aspect, the genetically
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engineered cells expressing the immunogen are encapsulated
in alginate or other physiologically compatible encapsulation
medium prior to mncorporation into the bone cage. See, e.g.,
Read, et al., Nat. Biotechnol. 19:29-34, 2001; U.S. Patent
Application Nos. 2008/0107686 and 2007/0258901 which
are incorporated herein by reference.

One or more immunogens can be one or more peptide
epitopes derved from a tumor antigen. See, €.g., Sangha &
Butts, Clin. Cancer Res. 13:4652s5-4654s, 2007, which 1s
incorporated herein by reference. In an aspect, the one or
more peptides can represent one or more 1mMmunNOgenic por-
tions of a protein associated with a tumor. The immunogenic

peptides can be predicted using computational modeling.
See, e.g., Florea, etal., Proceedings 2003 IEEE Bioinformat-

ics Conference, Aug. 11-14, 2003, p. 17-26; Toussaint, et al.,
PLoS Comput. Biol. 4:¢1000246, 2008, which are incorpo-
rated herein by reference. The immunogen can be one or more
peptide mimotopes that mimic epitopes associated with
tumor-associated carbohydrate antigens or other tumor asso-
ciated antigens. See, e.g., Bramswig, et al., Clin. Cancer Res.
13:6501-6508, 2007, which 1s incorporated herein by refer-
ence. Alternatively, the immunogen can be a synthetic peptide
that combines a tumor associated carbohydrate antigen
covalently linked to a T-cell epitope and a B-cell epitope,
enabling the immunogen to elicit both a humoral response
and a cellular immune response. U.S. Patent Application No.
20090041836, which 1s incorporated herein by reference. In
another aspect, a melanoma vaccine can include a device
including one or more bone cages including a peptide derived
from the tumor antigen gp100 linked to the T-helper epitope
from tetanus toxoid. Slinghuff, et al., Clin. Cancer Res.
7:3012-3024, 2001, which 1s mcorporated herein by refer-
ence. The peptides for use as immunogens in the bone cage
can be generated using chemical synthesis or can be imncorpo-
rated mto a plasmid DNA. See, e.g., Fest, et al., Cancer Res.
66:10567-10575, 2006, which 1s incorporated herein by ref-
erence.

One or more immunogens can be one or more circular
plasmid DNAs that include genes encoding all or part of one
or more target immunogens, Or one or more enzyme required
for modification or production thereof, under the transcrip-
tional control of a promoter region active 1n host cells. Pro-
moters include, but are not limited to, SV40 promoter, rous
sarcoma virus (RSV) promoter, adenovirus promoter,
cytomegalovirus (CMV) immediate early promoter. The
bone cage including the plasmid DNA encoding an immuno-
gen and/or an adjuvant can be administered to a subject, taken
up by the cells 1 proximity to the site ol administration, and
the host cells 1n the subject produce the pathogen-related
immunogen. The plasmid DNA can be incorporated as a
hydrogel within the bone cage. One or more DNA vaccines
can be used within the bone cage. DNA vaccines for anumber
of cancers are currently undergoing clinical evaluation and
include e.g., vaccines for prostate cancer, breast cancer, kid-
ney cancer, liver cancer, cervical cancer, lymphoma, and
melanoma.

One or more immunogens can be an antigen presenting,
cell, for example, a dendritic cell that has been genetically
modified to express one or more tumor antigens. Autologous
dendritic cells can be 1solated from a subject by leukopher-
es1s, transfected with an expression vector that includes, for
example, DNA sequence encoding all or part of one or more
tumor antigens, and subsequently used for immunization of
the subject. See, e.g., Nakamura, et al., Clin. Cancer Res.
8:2742-2749, 2002, which 1s incorporated herein by refer-
ence. Alternatively, the autologous dendritic cells can be
stimulated or activated ex vivo 1n the presence of a tumor cell
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lysate or mixture of tumor antigens and subsequently used for
immunization of a subject. See, e.g., Hirschowitz, et al., J.
Clin. Oncol. 22:2909-2915, 2004, which 1s incorporated
herein by reference.

Other Immunogens.

The device including one or more bone cages can be used
to administer one or more immunogens and one or more
adjuvants that constitute a vaccine to treat a pathological
condition in the subject, e.g., an allergic response, wherein
the immunogen can be an allergen. Examples of allergens
include, but are not limited to, mnhaled allergens (e.g., grass,
weed, and tree pollens, mold spores, chemicals, cockroach
calyx, dust mite excretions, animal dander, saliva), ingested
allergens (e.g., food, food supplements, home remedies,
medications), contact allergens (e.g., cosmetics, fragrances,
plants, detergents, chemicals, metals, latex), and mjected
allergens (e.g., medications, insect venom). For example, a
number of clinical trials are underway to develop a vaccine
against peanut allergies. In this latter instance, the immuno-
gen can be peanut powder or one or more 1solated peanut
proteins such as, for example, Ara h1, Ar2 hw, and Arah3. See,
e.g., L1, et al., J. Immunol. 170:3289-32935, 2003, which is
incorporated herein by reference.

The device including one or more bone cages includes one
or more immunogens that can be one or more biomolecules
associated with a pathogenic state in the subject including,
but not limited to, neoplastic disease, atherosclerosis, hyper-
tension, autoimmune disease, diabetes, or substance addic-
tion. A method for treating a pathological condition in the
subject includes a device including one or more bone cages
and one or more immunogens and one or more adjuvants that
constitute a vaccine to treat a condition in the subject, wherein
the pathological conditions includes, but 1s not limited to,
atherosclerosis (Cardiol Rev. 16: 288-300, 2008), hyperten-
sion (Drugs, 68: 2557-2560, 2008), obesity (PLoS ONE, 3:
¢3163, 2008), autoimmune diseases including diabetes (/-
munol Cell Biol, 86: 139-145, 2008), drug or substance addic-
tion (Ann N Y Acad Sci, 1141: 257-269, 2008), which are
incorporated herein by reference.

A method for treating atherosclerotic disease can include
providing a device including one or more bone cages wherein
oxidized LDL 1s an immunogen to treat atherosclerotic dis-
case. A method for treating hypertension can include provid-
ing an immunogen to inhibit renin-angiotensin system
(RAS), e.g., modified angiotensin I coupled to keyhole limpet
haemocyanin, or a conjugate of angiotensin II linked to virus
particles, as an immunogen to treat disease in the subject.

A method for treating a pathological condition includes
treatment for drug or substance addiction. The device includ-
ing one or more bone cages can include norcocaine with
inactivated cholera toxin as an immunogen. A large protein
molecule attaches to cocaine, which stimulates response from
antibodies which destroy the molecule. This prevents the
cocaine from crossing the blood-brain barrier negating the
cuphoric high and rewarding effect of cocaine caused from
stimulation of dopamine release 1n the mesolimbic reward

pathway. Martell et al., Biol. Psychiatry 38: 158-164, 2006,
Ann NY Acad Sci, 1141: 257-269, 2008, which are incorpo-
rated herein by reference.

A method for treating obesity can includes providing a
device including one or more bone cages wherein GIP (gas-
tric inhibitory peptide; or glucose-dependent 1nsulinotropic
polypeptide) 1s an immunogen to treat disease 1n the subject.
A method for treating autoimmune disease, e.g., type 1 dia-
betes, can include providing self-antigen as an immunogen to
treat disease 1n the subject. A method for treating substance
abuse can include providing an antibody to bind the drug 1n
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the bloodstream, thereby blocking entry and/or reducing the
rate of entry of the drug into the central nervous system.

The one or more immunogens includes, for example,
B-amyloid associated with Alzheimer’s disease. See, e.g.,
Wilcock & Colton, J. Alzheimers Dis. 15:555-569, 2008,
which 1s incorporated herein by reference.

In an aspect, the device including one or more bone cages
can be used to administer one or more immunogens dertved
from drugs of abuse such as, for example, nicotine, cocaine,
methamphetamine, phencyclidine, and morphine. See, e.g.,
Orson,etal., Ann. N.Y. Acad. Sci. 1141:257-269, 2008, which
1s incorporated herein by reference.

Adjuvants. The device including one or more bone cages
include one or more immunogens in combination with one or
more adjuvants. Adjuvants are used as immune potentiators
or immunomodulators to improve the immune response to the
vaccine immunogens. An adjuvant can be incorporated into a
vaccine formulation to enhance, accelerate and/or prolong the
specific immune response towards the desired response to
vaccine immunogens. Adjuvants potentially enhance the
immunogenicity ol immunogens, modily the nature of the
immune response, reduce the amount of immunogen needed
for a successful immunization, reduce the frequency of
booster immunizations needed and improve the immune
response, for example 1n elderly and immunocompromised
vaccines. In addition, adjuvants can aid 1n presentation of the
antigen, defined by the physical appearance of the antigen 1n
the vaccine; antigen/adjuvant uptake; distribution (targeting
to specific cells); 1mmune potentiation/modulation that
includes activities that regulate both quantitative and qualita-
tive aspects of the ensuing immune responses; the protection
of the antigen from degradation and elimination. Selectively,
adjuvants can be used to optimize a desired immune response,
e.g., with respect to immunoglobulin classes and induction of
cytotoxic or helper T lymphocyte responses. In addition, cer-
tain adjuvants can be used to promote antibody responses at
mucosal surfaces.

Adjuvants can be classified according to their source (natu-
ral, synthetic or endogenous ), mechanism of action, or physi-
cal or chemical properties. The current most common
described adjuvant classes include mineral salts, e.g., alumi-
num hydroxide and aluminum or calcium phosphate gels; o1l
emulsions and surfactant based formulations, e.g., MF59

(sorbitan trioleate, microtluidized detergent stabilized oi1l-1n-
water emulsion), QS21 (purnified saponin), AS02 (SBAS2,

oil-in-water emulsion, MPL, and QS-21), Montanide ISA-51,
and ISA-720 (stabilized water-in-o1l emulsion); particular
adjuvants, e.g., virosomes (unilamellar liposome vehicles,
¢.g., those incorporating influenza hemagglutinin), AS04
([SBAS4]A1 salt with MPL), ISCOMS (structured complex
of saponins and lipids), polylactide co-glycolide (PLG),
archacosomes (liposomes comprised of glycerolipids of
Archaea); microbial dervatives (natural and synthetic), e.g.,
monophosphoryl lipid A (MLP), Detox (MLP, M phlei cell
wall skeleton), AGP (RC-529, synthetic acylated monosac-
charide), DC-Chol (self-assembling lipoidal immunostimu-
lators), OM-174 (lipid A derivative), CpG oligonucleotides
(synthetic oligonucleotides containing immunostimulatory
CpG motits), modified L'T and CT (genetically modified bac-
terial toxins); endogenous human immunomodulators, e.g.,
GM-CSF, IL-2 (cytokines that can be administered either as
protein or plasmid-encoded), TRICOM (B7-1, ICAM-1, and
LFA-3), Immudaptin (C3d tandem arrays); inert vehicles,
¢.g., gold particles.

In general, adsorbents and particulate adjuvants aid 1n pre-
sentation of the antigen to the immune system, whereas
microbial, synthetic and endogenous adjuvants can directly
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stimulate or modulate the immune system. Adjuvant emul-
s1ons can be used to present the immunogen to the immune
system, promote slow immunogen release and protect the
immunogen from rapid elimination. Mineral salt adjuvants
can be used to induce an inflammatory response at the site of
injection, promote synthesis of pro-inflammatory cytokines,
and stimulate innate immunity important for the initial steps
of the immune response.

In an aspect, the adjuvants are one or more immunomodu-
lators, such as but not limited to, interleukin 2 (IL-2), 1L-12,
IL-21, GM-CSF, or other cytokines, alone or in combination,
that are capable of vigorously driving immune responses
stimulated by vaccines. As an example, a multivalent mela-
noma cell vaccine appears more effective when encapsulated

into liposomes containing IL.-2 or GM-CSE. See, e.g., van
Slootenetal., Int J Pharm. 183: 33-36,1999; Koppenhagen et

al., Clin Cancer Res. 4: 1881-1886, 1998 van Slooten et al.,
Pharm Res. 17: 42-48, 2000; Ben-Yehuda et al., Vaccine 21:
3169-3178, 2003; Reynolds, et al., Clin. Cancer Res. 9: 657 -
662, 2003, which are incorporated herein by reference.
Examples of other immunomodulatory adjuvants include, but
are not limited to, interterons (IFN) IFN-o, IFN-f3, and IFN-y;
other interleukins (IL) IL-1, IL-3,I1L-4, IL-5, IL-6, IL-7, IL-8,
IL-9, IL-10, IL-11, IL-12, IL-13, IL-14, IL-15, IL-16, IL-17,
IL-18,1L-19,1L-20, 1L-21,1L-22,1L-23, IL-24, IL-27, IL-28,
11.-29, 1L.-30, IL-31, and IL-32; tumor necrosis factor (TINF)
TNF-a. and TNF-f3; granulocyte colony stimulating factor
(G-CSF); granulocyte-macrophage colony stimulating factor
(GM-CSF); macrophage colony-stimulating factor (M-CSF);
erythropoietin (EPO); and thrombopoietin (TPO); any of a
number ol chemotactic cytokines (chemokines) including,
but not limited to, CC chemokines CCL1 through CCL28
exemplified by RANTES (CCL5), MCP-1 (CCL2), LARC
(CCL20), MIP-la (CCL3), and MDC (CCL22); CXC
chemokines CXCL1 through CXCL17 exemplified by LIX
(CXCL3J), GCP-2 (CXCL6) and BCA-1 (CXCLI13); C
chemokines XCIL.1 and XCL2; CX3C chemokine C3CL]1
(fractalkine); and chemokine like molecules exemplified by
MIF; and other immunodulators anaphylatoxin fragments
C3a, C4a, and C3a from the complement pathway; leukot-
rienes LTA4, LTB4, L1C4, LTD4, LTE4, and LTF4; prostag-
landins; growth factors EGFE, FGF-9, FGF-basic, growth hor-
mone, stem cell factor (SCF), TGF-p- and VEGF; soluble
receptors to tumor necrosis factor receptor (sTNFr); soluble
interleukin receptors sIL-1r and sIL-2r; C-reactive protein;
CD11b; histamine; serotonin; apolipoprotein Al; p2-micro-
globulin; bradykinin; D-dimer; endothelin-1; eotaxin; factor
VII; fibrinogen; GST; haptoglobin; IgA; msulin; IP-10; lep-
tin; LIF; lymphotactin; myoglobin; OSM; SGOT; TIMP-1;
tissue factor; VCAM-1; VWEF; thromboxane; platelet activat-
ing factor (PAF); immunoglobulins. See, e.g., Tomazi, et al.,
Expert Rev. Vaccines 6:835-847, 200°/, which 1s incorporated
herein by reference.

In an aspect, the adjuvant can be a molecule, for example a
pathogen-associated molecular patterns (PAMPs), that 1s rec-
ognized by a component of the innate immune system, called
a pattern recognition receptor (PRRs). PRRs can, for
example, include secreted molecules that circulate 1n blood
and lymph and can trigger responses such as the complement
cascade and subsequent accelerated phagocytosis; surface
receptors on phagocytic cells like macrophages that bind the
pathogen for enguliment, for example mannose-binding pro-
tein (MBP); and receptors that bind the pathogen nitiating a
signal leading to the release of effector molecules such as
cytokines. In a further aspect, the adjuvant can be a molecule
that binds to and/or induces a response 1n a PRR that 1s one or
more Toll-like receptor (TLRs). TLRs, which can exist as
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heterodimers, play an important role 1n immune response by
recognizing molecular patterns associated with pathogens.
Ligands that are or mimic PAMPs and activate immune cells

via TLRs can be used as vaccine adjuvants. See, e.g.,
Pulendran and Ahmed, Cell, 124:849-63, 2006; Kanzleretal.,

Nat. Med. 13: 552-5359, 2007; Graham PLoS Med. 3:e57,
2006, Celis Cancer Res. 67: 7945-7947, 2007, Tomaz, et al.,
Expert Rev. Vaccines 6:835-847, 2007, which are incorpo-
rated herein by reference. Molecules recognized by TLR2
include a wide array of microbial molecules representing
broad groups of species such as gram-positive and gram-
negative bacteria, as well as mycoplasma and yeast (e.g.,
Pam3CSK4; HKLM). TLR2 can be a heterodimer with TLR 1
or TLR6. TLR3 ligands include double stranded RNA, a
molecular pattern associated with viral infection. Polyi-
nosine-polycytidylic acid (poly(1:C)), a synthetic analog of
dsRINA, 1s the ligand of choice for TLR3. Molecules recog-
nized by TLR4 include lipopolysaccharide (LPS) and lipid A.
Low toxicity versions of LPS, monophosphoryl lipid A
(MPL) and a chemical mimetic, RC529 are efficient adju-
vants for CD4-positive T-cells. Thompson, et al., J. Leukoc.
Biol. 78:1273-1280, 2005, which 1s incorporated herein by
reference. One TLRS5 ligand 1s flagellin, the major component
of the bacterial flagellar filament. TLR7/TLR8 ligands
include GU-rich short single-stranded RNA as well as small
synthetic molecules such as imidazoquinolines and nucleo-
side analogues (e.g., Imiquimod, Resiquimod (R-848)).
TLR9 ligands include specific unmethylated CpG oligode-
oxynucleotides (CpG-ODN) sequences that distinguish
microbial DNA from mammalian DNA, and synthetic CpG-
ODN are used 1n vaccine therapies. See, e.g., Kanzler et al.,
Nat. Med. 13: 552-559,2007, which 1s incorporated herein by
reference. Additional natural and synthetic TLR agonists
include, but are not limited to, IMO-2055, IMO-2125,
QAX9335, monophosphoryl lipid A, loxoribine, 1satoribine,
3M-001, 3M-002, 3M-003, SD-101, and CPG 7909.

The adjuvant can be one or more biomolecules that stimu-
late activation, proliferation, and/or differentiation of T cell
lymphocytes. Examples of T cell stimulators include, but are
not limited to, enterotoxins, MHC-peptide complexes, CD80
(B7-1), B7-2, antibodies to CD2, CD28, CD3; phorbol esters,
IL-2, protein kinase C activators such as phorbol myristate
acetate, calcium 1onophores such as monmycin, agents that
trigger T cell receptor (TCR/CD3) activation, CD86, tumor
necrosis factor (ligand) superfamily member 14 (TNFSEF14),
CD?35, and ICOS.

The adjuvant can be one or more biomolecules that stimu-
late activation, proliferation, and/or differentiation of B cell
lymphocytes. Examples of B cell stimulators include, but are
not limited to, antigen dependent lipopolysaccharide,
CD98hc, phorbol esters, interleukin 4 (IL-4), interleukin 15
(IL-15), tumor necrosis factor (ligand) super family member
13b (INFSF13B), TNFSF13C (B cell-activating {factor;
BAFF), TLR7 and TLR9 agonists (e.g., 852A, 3M-003,
CpG2006), IFN-o or IFN-f.

In an aspect, the one or more adjuvants incorporated 1nto
the one or more bone cages can be a purified protein, for
example, one or more cytokine immunomodulator. The adju-
vant can be purified from a natural source such as plasma,
cells or tissue. Alternatively, the adjuvant can be purified from
a genetically engineered cell line in which the adjuvant has

been expressed using standard recombinant DNA techniques.

The one or more adjuvants can be admixed with the one or
more immunogens and loaded into the bone cage. Alterna-
tively, the adjuvant and the immunogen can be placed in
separate bone cages or 1n separate compartments within a
bone cage.
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The one or more adjuvants can be produced in cells encap-
sulated 1n the bone cage, wherein the encapsulated cells can
naturally express the adjuvant. Alternatively, the encapsu-
lated cells can be genetically engineered to express the adju-
vant. The genetically engineered cells can be bacteria, yeast,
insect cells or mammalian cells. The mammalian cells can be
autologous, allogeneic, or xenogeneic. In an aspect, the adju-
vant 1s a protein or peptide such as, for example, a cytokine
immunomodulator, which may or may not be modified, for
example by glycosylation or lipidation. A protein or peptide,
and/or one or more enzymes required for modification or
production thereot, can be expressed 1n a genetically engi-
neered cell using standard recombinant DNA techniques. In
an aspect, the cDNA corresponding to the adjuvant and the
Immunogen, or one or more enzymes required for modifica-
tion or production thereof, can be incorporated 1nto the same
expression vector and transfected into a mammalian cell line.
Alternatively, the cDNA corresponding to the adjuvant and
the immunogen can be 1ncorporated 1nto distinct expression
vectors. The two or more expression vectors can be trans-
fected simultaneously into the same cells, creating a single
genetically engineered cell line that expresses both the adju-
vant and the immunogen. Alternatively, the two or more
expression vectors can be transfected into separate cultures of
the same or differing cells and the two genetically engineered
cell lines 1incorporated 1nto the bone cage. In an aspect, the
genetically engineered cells expressing the adjuvant and/or
the immunogen are encapsulated in alginate or other physi-
ologically compatible encapsulation medium prior to mncor-
poration into the bone cage.

The adjuvant can be administered as part of a plasmid DNA
into which DNA sequence encoding all or part of the adjuvant
has been incorporated. Methods for generating a plasmid
DNA for this purpose have been described herein. In this
instance, the plasmid DNA encoding the adjuvant 1s loaded
into the bone cage and the adjuvant protein 1s expressed by the
host cells following implantation of the bone cage. The plas-
mid DNA can also include DNA encoding one or more immu-
nogen. Alternatively, the DNA encoding one or more immu-
nogen and the one or more adjuvants can be incorporated nto
separate plasmid DNAs.

Temporal Release of Immunogen and Adjuvant from Bone
Cage Device

The release of the one or more immunogen and the one or
more adjuvant from a device including one or more bone
cages can be temporally controlled. Temporal release can be
controlled by the properties of the bone cage, the formulation
of the immunogen and/or adjuvant placed in the bone cage, or
a combination thereof. Temporally controlled release of the
one or more immunogen and the one or more adjuvant from
the bone cage 1s usetul for primary immunization and sec-
ondary immunization to establish memory cells responsive to
the pathogenic organism or pathogenic condition. For
example, vaccines for diphtheria-tetanus-pertussis (DTaP) 1s
recommended to be given in 5 doses between 2 months and 18
months and a final dose at 4-6 years, with a tetanus and
diphtheria vaccine boosted every 10 years. As a further
example, vaccination with Gardasil® human papillomavirus
quadrivalent (types 6, 11, 16, 18) vaccine 1s recommended 1n
three doses over approximately six months. The method for
treating an infectious disease 1n a subject can include provid-
ing a device including one or more bone cages as a single
administered dose to deliver the one or more immunogen and
the one or more adjuvant over an extended period of time
from 2 months up to 24 months.

The temporal release of immunogen and adjuvant from the
device including one or more bone cages can be controlled




US 8,551,750 B2

45

based on the size of the pores 1n the bone cage relative to the
size of the immunogen and/or adjuvant. The smaller the
pores, the slower the release of immunogen and/or adjuvant
from the bone cage. In addition, release of immunogen and
adjuvant can be controlled by the number of pores. The fewer
the pores, the slower the release of immunogen and adjuvant
from the bone cage. The pores can range 1n size from about 1
nanometer to about 20 micrometers and can be dependent
upon the size of the immunogen and adjuvant. For example,
proteins and peptides range 1n size from sub-nanometer to
greater than 16 nanometers (e.g., diameter of immunoglobu-
lin molecule); plasmid DNA ranges 1n size {from sub-nanom-
cter to greater than 25 nanometer; live or killed whole viral
particles range in size from about 10 nanometers to about 300
nanometers; live or killed bacteria range in size from 100
nanometers to 6 micrometers; and attenuated Plasmodium
falciparum sporozoites are about 10 micrometers 1n length.
The pores may be umiform in size or may vary in size. Dii-

ferent compartments of the bone cage can have pores of

different sizes allowing for differential release rates from
cach of the compartments.

The temporal release of the one or more 1mmunogens
and/or one or more adjuvants from the device including one or
more bone cages can be controlled by the formulation of the
immunogen and adjuvant. The formulation can allow for
immediate release, extended release, delayed release, or a
combination thereof. An immediate release formulation can
be a simple aqueous solution, e.g., saline, mnto which the
immunogen and/or adjuvant have been dissolved. An
extended or delayed release formulation can include a matrix
through which the immunogen and/or adjuvant must diffuse
to escape the bone cage. Examples of matrix maternal for use
in extended and/or delayed release formulation include, but
are not limited to, insoluble plastics (e.g., methyl acrylate-
methylmethacrylate, polyvinyl chlonide, and polyethylene),
hydrophilic polymers (e.g., methylcellulose, hydroxypropy-
Imethylcellulose, sodium carboxymethylcellulose, and car-
bopol 934), and fatty compounds (e.g., carnauba wax, glyc-
eryl tristearate). In an aspect, the immunogen and/or adjuvant
can be encapsulated 1n small particles surrounded by a mem-
brane barrier coat through which the immunogen and/or adju-
vant diffuse over time. Examples of material for use 1n gen-
erating a membrane barrier coat include, but are not limited
to, hardened gelatin, methyl- or ethylcelluloses, polyhy-
droxymethacrylate, hydroxypropylcellulose, polyvinylac-
tate, and various waxes. Alternatively, the immunogen and
adjuvant can be formulated 1n a hydrogel maternial including
natural polymers (e.g., chitosan, alginate, fibrin, collagen,
gelatin, hyaluronic acid, and dextran), synthetic monomers
(e.g., hydroxyethyl methacrylate, N-(2-hydroxypropyl)
methacrylate, N-vinyl-2-pyrrolidone, N-1sopropyl acryla-
mide, vinyl acetate, acrylic acid, methacrylic acid, polyeth-
ylene glycol acrylate/methacrylate, and polyethylene glycol
diacrylate/dimethacrylate), or a combination thereof. See,
e.g., Lin & Metters. Adv. Drug Deliv. Rev. 58:1379-1408,
2006, which 1s incorporated herein by reference. General
information regarding formulation can be found 1n Reming-
ton: The Science and Practice of Pharmacy. 21°° edition.
2005. Ed. Paul Beringer, et al., Lippincott Williams &
Wilkins, Philadelphia, USA, which 1s incorporated herein by
reference. See also Hett, et al., Lur. J Immunol 37:2063-
2074,2007,U.S. Pat. No. 5,762,965; U.S. Pat. No. 5,820,873;
U.S. Pat. Appl. No. 2007/0026005, which are incorporated
herein by reference.

The device including one or more bone cages can be con-
structed utilizing cells cultured in vitro including, but not
limited to, stem cells, fibroblasts, endothelial cells, osteo-
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blasts and/or osteoclasts. The 1n vitro cultured cells can be
configured to form the bone cage structure or configured to
restructure the bone cage wall or inner compartment. Restruc-
turing the device including one or more bone cages 1s usetul
to design compartments that can provide temporal release of
the one or more immunogens and one or more adjuvants from
the bone cage. Temporal release can depend upon the size of
the bone cage compartment, the thickness of the bone cage
wall, and the si1ze and configuration of pores in the bone cage
wall. As discussed 1n more detail herein, the bone cage wall
can be slowly degraded to release one or more of the one or
more immunogens and one or more adjuvants.
Triggered Release of Immunogen and/Adjuvant from Bone
Cage Device

The release of one or more immunogens and/or one or
more adjuvants from a device including one or more the bone
cage can be controlled by a trigger, for example, a biomol-
ecule, a specific analyte, a pathogen or tumor cell, or an
externally-administered compound. The trigger can stimulate
immediate or sustained release of the immunogen and/or
adjuvant from the bone cage. Alternatively, the trigger can
stimulate the synthesis of the immunogen and/or adjuvant by
cells mcorporated in the bone cage. The trigger can be a
biomolecule. Examples of biomolecules include, but are not
limited to, pathogen associated biomolecules (e.g., toxins,
polysaccharides, double stranded RNA, CpG polynucle-
otides), tumor-associated biomolecules (e.g., tumor antigens,
tumor markers), other disease-associated biomolecules (e.g.,
B-amyloid), allergens (e.g., food allergen), or other biomol-
ecules (e.g., drugs of abuse). Alternatively, the trigger can be
a physiological change induced by the pathogen, tumor, dis-
case, or allergic response. Examples of a physiological
change include, but are not limited to, changes 1n pH, tem-
perature, osmolarity, hypoxia, 1on concentrations, and endog-
enous biomolecule concentrations (e.g. cytokines).

The immunogen and the adjuvant can be incorporated 1nto
a stimuli-responsive gel that 1s further incorporated into the
bone cage. The stimuli-responsive gel, for example, may
undergo swelling and deswelling 1n response to environmen-
tal conditions. The swelling and deswelling of the gel alters
the ability of the immunogen and/or the adjuvant to diffuse
out of the bone cage. Examples of stimuli-responsive gels
include pH/electro-responsive gels (e.g., hyaluronic acid,
chondroitin sulphate, agarose, carbomer, xanthan gum, cal-
cium alginate, acrylate and methacrylate derivatives such as
partially hydrolyzed polyacrylamide, polydimethylamino-
propyl acrylamide, and poly(methacrylic acid) PMAA, poly-
cthyloxazoline), thermo-responsive gels (e.g., poly(N-1s0-
propylacrylamide), poly(N-vinylcaprolactam), polyethylene
glycol, poly(propylene oxide) and combinations thereot), and
magnetically responsive gels (e.g., incorporation of magnetic
carriers such as magnetite, 1ron, nickel and/or cobalt into the
polymer matrix). See, e.g., Anal. Rec. Pat. Endo. Metab.
Immune Drug Dis. 1:83-90, 2007; Liu, et al., Narno Today
4.:52-65, 2009 which are incorporated herein by reference.

The stimuli-responsive gel can be constructed such that it
releases the one or more immunogens and/or the one or more
adjuvants 1s response to a specific analyte. For example, Yang
et al. describe a hydrogel system that incorporates two or
more overlapping aptamers that serve as recognition elements
for an analyte. Yang, et al., J. Am. Chem. Soc. 130:6320-6321,
2008, which 1s incorporated herein by reference. The two or
more partially overlapping aptamers are copolymerized into a
polyacrylamide-based hydrogel. At least one of the aptamers
1s a recognition element that binds to an analyte. The interac-
tion of the analyte with the aptamer recogmition element
causes the two partially overlapping aptamers to separate
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from one another and to change the properties of the hydro-
gel, releasing the contents of the hydrogel. The one or more
aptamers can 1teract with an analyte that 1s all or part of a
pathogen or tumor associated biomolecule. In response to
interacting with the analyte, the hydrogel can release one or
more immunogens and/or adjuvants incorporated in the
hydrogel.

The synthesis of the one or more immunogens and/or one
or more adjuvants by genetically engineered cells 1mcorpo-
rated 1nto the device including one or more bone cages can be
controlled by a trigger, for example, one dertved from a
pathogen or tumor. The cells can be genetically engineered to
include a receptor that 1s responsive to the trigger and 1s linked
to the expression of the mmmunogen and/or adjuvant.
Examples of expression systems that are linked to receptor
actvation by a trigger include those linked to signaling
through the Toll-like receptors (1TRL) such as, for example, a
TLR-signaling reporter plasmid. See, e.g., pNIFTY from
InvivoGen, San Diego, Calil.; Roger, et al., Biochem. J. 387:
3535-3635, 2005, which are incorporated herein by reference.
TLRs are activated by pathogen-associated molecular pat-
terns (PAMPs) such as, for example, bacterial lipopolysac-
charide (LPS), flagellin, and lipoteichoic acid and viral pep-

tidoglycan, double-stranded RNA, and unmethylated CpG
motifs.

Alternatively, the synthesis of the immunogen and/or adju-
vant by genetically engineered cells incorporated into the
device including one or more bone cages can be controlled by
an external trigger administered to the subject. For example,
cells can be engineered to switch on genes in response to
administration of the dietary supplement vitamin H (biotin;
Weber, et al., Metabolic Eng. 11: 117-124, 2009, which 1s
incorporated herein by reference). The expression system can
include an inducible promoter that1s activated 1n the presence
of an inducing agent. Examples of expression systems with
inducible promoters include, but are not limited to, lactose-
inducible expression systems, tetracycline-inducible expres-
sion systems, doxycycline-inducible expression system,
cumate-inducible expression system, metal (e.g., zinc)-in-
ducible expression system, ethanol-inducible expression sys-
tem, rapamycin-inducible expression system, and ecdysone-
inducible expression system.

The synthesis of the immunogen and/or adjuvant by cells
incorporated into the bone cage can be controlled by a trigger
that 1s a physiological trigger. For example, studies describe
an 1inducible expression system that 1s activated by a hypoxic
environment. Lee, et al., J Control Release 115:113-119,
2006, which 1s incorporated herein by reference. Other
examples might include expression systems that incorporate
a heat shock protein promoter.

Configuration and Structure of Bone Cage Device Including
One or More Immunogens and One or More Adjuvants

The device including one or more bone cages can partially
surround or can completely surround the one or more immu-
nogens and one or more adjuvants, optionally in combination
with one or more cells or tissues that produce the one or more
immunogen and/or the one or more adjuvant. Examples of
bone cages that completely surround the one or more 1mmu-
nogens and one or more adjuvants, optionally 1n combination
with one or more cells or tissues are shown i FIG. 1. In FIG.
1A, arectangular cage 100 1s depicted, showing the bone wall
110 with pores 120 partially surrounded by a semi-permeable
component 130 optionally comprised of cells 140. FIG. 1B
shows a cross-section of the rectangular cage 100, showing
the optional exterior semi-permeable component 130 option-
ally comprised of cells 140, and the optional interior semi-
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permeable component 130, as well as the bone structure 110
with pores 120, and the internal cavity 150 with optional
living cells 140.

The device including one or more bone cages partially
surrounds the one or more immunogens and one or more
adjuvants, optionally in combination with one or more cells
or tissues that produce the one or more immunogen and/or the
one or more adjuvant. “Partially surrounds™ refers to the
external wall of the bone cage surrounding less than 100% of
the one or more immunogens and one or more adjuvants
optionally in combination with one or more cells or tissues 1n
the mternal cavity. “Less than 100%” includes any integer
percentage from 1% to 99%, for example, 10%, 25%, 50%,
75%, and 95%.

Examples of devices including one or more bone cages
with external walls that partially surround the internal cavity
include, but are not limited to, those where the external wall
1s a lattice, and/or where there are openings in the wall that are
larger than the pore size of the bone. Examples of lattice work
external walls include, but are not limited to, those patterned
alter buckeyballs.

Examples of external walls with opemings include, but are
not limited to, those with openings designed to facilitate the
placement of the semi-permeable membrane, and the one or
more immunogens and one or more adjuvants optionally in
combination with the one or more cells or tissues, for
example, within the internal cavity. In an aspect, the width of
the one or more openings in the external wall can be any
integer um from approximately 1 to approximately 1,000
including, but not limited to, approximately 2 um, 3 um, 4 um,
dum, 8 um, 10 um, 12 wm, 15 um, 20 wm, 25 wm, 50 um, 100
wm, 200 um, 300 um, 500 um, 600 um, 800 um and 1,000 um.
In an aspect, the width can be approximately 1 um to 1,000
wm, 2 Mm to 800 um, 5 um to 750 um, 10 um to 500 wm, 20
um to 250 um, 10 um to 100 um, 5 um to 50 um, 1 um to 10
wm, 2 um to 20 um, 1 um to S0 um, 50 um to 500 um, or 250
um to 1,000 um in width, and the length 1s the width of the
external wall as described above.

Examples of devices including one or more bone cages that
partially surround the one or more immunogens and one or
more adjuvants, optionally in combination with one or more
cells or tissues that produce the one or more immunogen
and/or the one or more adjuvant 1s shown 1n FIG. 2. FIG. 2A
shows a buckeyball shaped cage 201 1n which the pentagonal
and hexagonal shapes are comprised of bone 210. FIG. 2B
shows a barrel-like shape 202, in which the vertical and
horizontal members are comprised of bone 210 with pores in
between 220. FIG. 2C shows a rectangular structure 203,
comprised of a bone wall 210 containing large openings as
pores 220.

In an aspect, the external wall has one or more openings,
and the openings are closable. Closable refers to the opening
configured to be completely or partially filled, such that the
opening can be made no longer larger than the pore si1ze of the
bone. The closure has a width sufficiently greater than the
width of the opening to allow attachment to the external wall
completely surrounding the opening, and can be secured by
any method known 1n the art. In an aspect, the closure spans
the entire width of the opening, and/or the entire length. The
plug or closure can be comprised of bone, including, but not
limited to, anorganic, artificial, demineralized, cultured in
vitro, autologous, allogeneic or xenogeneic bone, or any com-
bination thereof.

Aspects of a device including one or more bone cages with
closable openings are shown in FIG. 3. FIG. 3A shows a
rectangular cage 301 comprised ol bone 310 containing pores
320 containing an opening 360 that connects with the internal
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cavity 350. The opening 360 1s closable by the 1nsertion of a
plug 370 made of bone 310 of a size to approximately entirely

{111 the opening. FIG. 3B shows the two open halves of a petri
dish-shaped cage 302 made of bone 310 containing pores 320
in which one half 304 has a uniformly slightly smaller diam-
cter than the other half 306 so that the sides 01 306 overlap the
sides of 304 on closure such that an internal cavity 350
remains. The two halves are optionally secured by shiding a
partially internally protruding edge 385 under a partially
externally protruding edge 380. On closing, 304 and 306 arc
positioned such that 380 and 383 can slide past each other.
Once 385 15 past 380, 304 and 306 are twisted such that 380
and 385 align. FIG. 3C shows the two open halves of an egg
shell-shaped structure 303 made of bone 310 comprising
pores 320, where the edges 390 and 395 of the two halves 3035
and 307, respectively, optionally mate to allow a screw-type
seal, forming an internal cavity 350.

Referring to FIG. 4, a logic flowchart 1s depicted for a
method 401 for modulating a pathological condition 1n a
subject. The method 401 includes providing 402a device
comprising one or more bone cages including one or more
immunogens and one or more adjuvants. In an aspect 403, the
one or more bone cages 1s configured to be non-weight-
bearing when mmplanted into a soft tissue of a subject. In a
turther aspect 404, the pathological condition 1n the subject
includes infectious disease, neoplastic disease, atherosclero-
s1s, hypertension, autoimmune disease, diabetes, or substance
addiction. The method further includes providing 403 one or
more cells or tissues encapsulated 1n the bone cage and con-
figured to produce the one or more immunogens. The method
turther includes providing 406 one or more cells or tissues
encapsulated 1n the bone cage and configured to produce the
one or more adjuvants. In an aspect 407, the one or more
adjuvants 1includes a biologically derived agent. In an aspect
408, the one or more adjuvants includes a synthetically
derived agent. In an aspect 409, the one or more immunogens
include a microbial antigen, viral antigen, parasite antigen,
plant antigen, animal antigen, endogenous antigen, or syn-
thetic antigen. In an aspect 410, the one or more immunogens
include protein, lipid, lipoprotein, glycolipid, glycoprotein,
proteoglycan, polysaccharide, or lipopolysaccharide.

Bone encompasses all types of bone, including, but not
limited to, organic, anorganic, demineralized, freeze-dried,
and artificial bone. The bone can be cultured 1n vitro, and/or
genetically engineered. The bone can be living or dead. The
bone can be autologous, allogeneic, or xenogeneic with
respect to a subject within whom the bone 1s implanted. The
bone can be a combination of one or more of the types of bone
described above.

Example 1

Device Including Bone Cage Formed from Cortical
Bone and/or Cancellous Bone

A device including one or more bone cages configured to
include one or more immunogens and one or more adjuvants
1s delivered 1nto a soft tissue of a subject for use as a vaccine
against a pathogen, cancer, or tumor 1n the subject. The device
includes a bone cage formed from autologous, allogeneic, or
xenogeneic cortical bone and/or cancellous bone. The one or
more immunogens 1s delivered as a live attenuated or an
inactivated viral particle. The one or more adjuvants include
complete Freund’s adjuvant.

The device including one or more bone cages utilizes bone
obtained from the subject (autologous) or from a donor sub-
ject (allogeneic) by biopsy, surgery, or autopsy. Alternatively,
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bone 1s obtained from a non-human subject (xenogeneic), for
example, from bovine or porcine subjects. Autologous bone 1s
obtained from the calvarial, rib and/or 1liac bone of the sub-
ject. To obtain autologous bone from the 1liac crest, a small
incision (4-5 cm) 1s made just below the anterior 1liac wing
and a 2x2 centimeter area of bone 1s exposed on top of the
crest. A rongeur, osteotome or chisel 1s used to remove a
portion of cortical and/or cancellous bone from the top of the
crest. Alternatwelyj the sample of bone 15 excised from the
subject using a microsaw (e.g., FRIOS® MicroSaw, FRIA-
DENT GmbH, Mannhein, Germany). The excised bone 1s
optionally cleaned of any associated tissue, fat, and/or blood
components.

The autologous bone used to form the one or more bone
cages 1s further cut with a bone saw 1nto smaller pieces (e.g.,
Sx5x5 millimeter) or to even smaller pieces using a saw
microtome, €.g., Leica SP2600 (Leica Microsystems Nuss-
loch GmbH, Postfach 1120, Heidelberger Strasse 17-19,
D-69226 Nussloch, Germany). The bone 1s optionally ground
to the desired dimensions using a grinding table and a series
of graded abrasive sand papers (from, e.g., Buehler, Ldt.,
Lake Bluif, Ill.) or using an automated grinding instrument
(e.g., Exakt Apparatebau GMBH, Norderstedt, Germany).
Calipers are used to assess thickness (e.g. Mitutoyo digital,
Kanagawa, Japan). The shape 1s rectangular, or smoothed to
an oblong, although other shapes may be implemented. An
interior cavity 1s hollowed into bone cage using a microma-
chining laser. For example, a Nd: YAG laser rod 1s used to cut
the interior of the bone leaving an approximately 10
micrometer thick bone wall. The bone wall 1s further perfo-
rated with multiple pores 1 to 2 micrometer 1n diameter using
the laser. A second piece of bone 1s micromachined and
shaped to form a bone cap or plug.

Alternatively, the bone cage 1s manufactured from bone
powder derived from autologous, allogeneic, or xenogeneic
bone obtained by biopsy, surgery, autopsy, or necropsy. For
example, an allogeneic bone sample 1s obtained from a donor
undergoing hip replacement. In this instance, the head of the
femur 1s removed, substantially cleaned of associated tissue,
fat, and blood components and cut into smaller pieces (e.g.,
I1x1x1 centimeter) using a bone saw. Any residual blood
components are removed from the bone pieces by soaking 1n
purified water for 12 to 24 hours. Fat and protein material are
substantially removed from the bone pieces by boiling 1n
purified water for 12 to 72 hours. The bone pieces are pulver-
1zed 1nto apowder using a bone mill (from, e.g., Aesculap Inc.
USA, Center Valley, Pa.; Medtronic, Minneapolis, Minn.).
Residual fatty maternial 1s removed from the bone powder by
extracting the powder in an organic solvent mixture, e.g.,
chloroform and methanol (1:1 v/v), for 24 hours with or
without agitation. The bone powder is rinsed repeatedly with
purified water to remove the organic solvent. The washed
bone powder 1s dried 1n an oven at 60° C. Residual protein
material 1s removed by soaking the bone powder 1n a 4%
(w/v) solution of sodium hypochlorte for 12 to 72 hours with
or without agitation. The bone powder 1s rinsed repeatedly
with purified water to remove the sodium hypochlorite and
dried 1n an oven at 60° C. The bone powder 1s further milled
to generate a finer bone powder. The bone powder 1s sieved
through a series of sieves of various mesh size openings, e.g.,
10-200 micrometers, 200-425 micrometers, 425-1000
micrometers, 1000-2000 micrometers, etc. The bone powder
1s heated at 600° C. for 3-5 hours to remove any residual
organic material and to sterilize the powder. A similar process
1s used to generate milled bone from a xenogeneic donor.

The bone powder 1s compressed using compression mold-
ing techniques into appropriate building blocks for forming
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the bone cages. Alternatively, the bone powder 1s admixed
with a biocompatible substance to form a paste that 1s molded

into appropriate cage forms. Examples of appropriate bio-
compatible substances for this purpose include fibrinogen,
MATRIGEL™ basement membrane matrix, gelatin, algi-
nate, polyglycolide, polylactide, glycolide-lactide copoly-
mer, etc. In some 1nstances, heating the formed cages poly-
merizes the biocompatible material and forms a rigid cage-
like structure.

The bone cage 1s molded to include pores sufficiently large
enough for passive diffusion of live/attenuated or mactivated
viral particles including the one or more immunogens and/or
the one or more adjuvants, e.g., complete Freund’s adjuvant.
In general, viral particles range in size from 10 to 300 nanom-
cters. The complete Freund’s adjuvant 1s bound 1onically or
covalently to the surface of the bone cage structure.

The live/attenuated or inactivated viral particles including
the immunogen and adjuvant, e.g., complete Freund’s adju-
vant, are mjected into the one or more cavities of the bone
cage. The one or more cavities include micro-holes large
enough to allow diffusion of the viral particles. The number of
viral particles added to each bone cage 1s dependent upon the
s1ze of the one or more bone cage cavities, the number of bone
cages to be used for immunization, and the expression efli-
ciency ol the genetically engineered cells. For example, a
bone cage with an internal cavity measuring 1x1x0.3 centi-
meters accommodates a volume of 300 microliters of viral
particles. Assuming a maximum packing density 010.524 and
a particle diameter of 300 nanometers, as many as 4x10°
densely packed viral particles are incorporated into the bone
cage cavity. The viral particles are suspended within a hydro-
gel at this density or at a lower density and incorporated into
the bone cage cavity. The cavity 1s plugged with an additional
bone fragment or with another material to immunoisolate the
viral particles. One or more of the bone cages are implanted
into a subject. The viral particles diffuse out of the bone cage
and into the surrounding tissue of the subject.

Example 2

Device Including Bone Cage Formed by Growing
Bone on a Scatfold

A device including one or more bone cages configured to
include one or more immunogens and one or more adjuvants
1s delivered 1nto a soit tissue of a subject for use as a vaccine
against a pathogen, cancer, or tumor 1n the subject. The device
includes a bone cage formed from growing bone progenitor
cells on an appropriate scatfold. Bone 1s formed by growing
bone progenitor cells on a scatfold in the presence of appro-
priate growth conditions. Bone progenitor cells are differen-
tiated 1nto osteoblasts for formation of bone and osteoclasts
for resorption of bone.

Bone-forming osteoblasts are differentiated from preo-
steoblastic cells such as, for example, MC3T3 cell line, pri-
mary cells 1solated from bone, mesenchymal stem cells 1s0-
lated from bone marrow, adipose tissue, placenta, cartilage,
and other tissues. Duplomb, et al., Stem Cell 25:544-552,
2007, which 1s incorporated herein by reference. Mesenchy-
mal stem cells, for example, are 1solated from bone marrow
by Percoll density gradient centrifugation and differentiated
into osteoblasts using a basal culture medium supplemented
with fetal bovine serum (FBS), L-glutamine, penicillin/strep-
tomycin, dexamethasone, ascorbate, and [-glycerophos-
phate. Ogura, et al., J. Oral Sci. 46:207-213, 2004, which 1s
incorporated herein by reference. Alternatively, mesenchy-
mal stem cells are dertved from embryonic stem cells and
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differentiated into osteoblast-like cells using medium supple-
mented with dexamethasone, ascorbate, and [3-glycerophos-

phate as described by Barbern, etal., PLoSMed. 2:¢161, 2005,

which 1s incorporated herein by reference. Various assays are
used to assess osteoblast differentiation, e.g., expression of
collagen, osteopontin, osteonectin, osteocalcin, and bone sia-
loprotein, alkaline phosphatase assay, and mineralization
assay.

Scaifolds for use 1n bone tissue engineering to form one or
more bone cages include synthetic polymers (e.g., polylactic
acid and polyglycolic acid and copolymers, thereot, polyca-
prolactone, polyanhydrides, and polypohsphazenes; polym-
cthylmethacrylate, polytetratluoroethylene, polyhydroxyeth-
ylmethacrylate); ceramics (e.g., alumina, hydroxyapatite);
native polymers (e.g., Type 1 collagen); and composites
thereol. Growth conditions include nutrients, growth factors,
appropriate temperature, and oxygenation.

Bone tissue configured to form one or more bone cages 1s
engineered using bone marrow-derived stem cells grown 1n
three-dimensional superporous poly(ethylene glycol)diacry-
late (PEGDA) hydrogels. See, e.g., Keskar, et al., Tissue Eng.
Part A 15: E-publication ahead of print, 2009, which 1s 1ncor-
porated herein by reference. PEGDA 1s combined with a foam
stabilizer and initiators N,N,N'.N'-tetramethylethylene-di-
amine and ammonium persulfate and the pH adjusted to pH
3.7 with citric acid. The mixture 1s heated at 37° C. for 2
minutes. Sodium bicarbonate 1s added to the mixture with
constant stirring to evenly distribute the salt and evolving gas.
Polymerization 1s allowed to proceed for 30 minutes.
Residual monomers are removed with rinsing in distilled
water. The hydrated hydrogel 1s cut into appropriate sized
pieces (e.g., Sx3 millimeter) and seeded with mesencymal

cells dernived from bone marrow aspirates. The cells seeded on
the hydrogel are grown 1n an osteogenic medium containing
Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine
serum, penicillin/streptomycin, dexamethasone, [-glycero-
phosphate, and ascorbic acid 2-phosphate. After 3-7 weeks in
culture, gross calcification 1s observed 1n the form of a white
deposit on and within the hydrogel cell culture system. The
bone-like material 1s Turther processed using machining tech-
niques as described above to form a cage-like structure. In a
turther aspect, the hydrated hydrogel 1s shaped 1nto a cage-
like structure and seeded with mesenchymal cells to form the
one or more bone cages.

Alternatively, the bone cage i1s dertved from bone tissue
generated 1n the absence of an underlying exogenous scat-
fold. Bone marrow cells are collected from the pelvic bone
from the subject or from an allogeneic donor using standard
medical procedures. The collected cells are grown 1n Dulbec-
co’s modified eagle medium (DMEM) supplemented with
20% f{fetal bovine serum, basic fibroblast growth factor
(bFGF), dexamethasone, and antibiotics/antimycotics. After
48 hours, non-adherent cells are removed. The cells are trans-
ferred to dishes containing SYLGARD® polymer coated
with laminin and grown in the supplemented medium
described above. After the cells reach confluence, two pins
are placed inthe SYLGARD® polymer about 1.5 centimeters
apart and ascorbic acid and organic phosphate are added to
the medium. Over the course of 6 weeks, cells lay down
extracellular matrix, differentiate and begin to form a tube-
like solid structure that exhibits bone-like qualities including
calcification and increased stiflness, see e.g., Syed-Picard, et
al., Tissue Eng. Part A 15:187-195, 2009, which 1s incorpo-
rated herein by reference. Bone-like structures formed 1n this
manner are further processed as described above to form one
or more bone cages.
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Example 3

Genetically Engineered Cells Generating,
Immunogen/Adjuvant for Device Including Bone
Cage

A device including one or more bone cages and configured
to 1clude one or more immunogens and one or more adju-
vants 1s delivered into a soft tissue of a subject for use as a
vaccine against cancer or a tumor 1n the subject. The device
includes genetically engineered cells expressing one or more
immunogens and/or one or more adjuvants for use as a vac-
cine against a cancer or tumor. The device includes a bone
cage formed from synthetic or artificial maternials, from
excised bone, or from 1n vitro tissue engineering. In this
instance, the genetically engineered cells are encapsulated by
the bone cage. The bone cage itsell has pores that allow
passage of the immunogen and the adjuvant produced by the
encapsulated cells, but the pores are small enough to prevent
passage ol the genetically engineered cells.

The immunogen and the adjuvant include any of a number
of tumor specific antigens. For example, the tumor 1s colorec-
tal carcinoma. The device including one or more bone cages
includes the immunogen, carcinoembryonic antigen (CEA)

or polypeptide epitopes thereot, and the adjuvant, the immu-
nomodulator interleukin 2 (IL-2), or interleukin 21 (IL-21).

Shievely, et al., Crit Rev Oncol Hematol. 2: 355-399, 1985;
Frederiksen et al., Cancer Immunol. Immunother. 57: 1439-
1449, 2008; Parrish-Novak et al., Journal of Leukocyte Biol-
ogy.; 12: 856-863, 2002; Lamprecht et al., Blood 112: 3339-
3347, 2008, which are incorporated herein by reference. In a
turther example, the cancer 1s metastatic melanoma. The
device including one or more bone cages includes the immu-

nogen, one or more of the tumor antigens or polypeptide
epitopes thereol: Melan-A/MARIT-1, MAGE-3, Gpl00/

pmell7, Tyrosinase, TRP-1/-2, P. polypeptide, MCIR,
B-catenin, or MART-2. Kawakami, et al., J Exp Med 180:
347-52, 1994; Bakker, et al., J Exp Med 179: 1005-9, 1994;
Brichard, et al., J Exp Med 1'78: 489-95, 1993 ; Kawakami, et
al., J Immunother 21: 237-46, 1998; Wang, et al., J Exp Med
184: 2207-16, 1996; Touloukian, et al., Cancer Res 61: 8100-
4, 2001; Salazar-Oniray, et al., Cancer Res 57. 4348-55,
1997; Alexander, et al., Urology 51: 150-7, 1998; Robbins, et
al., J Exp Med 183: 1185-92, 1996, which are incorporated
herein by reference. The adjuvant 1n combination with the
melanoma tumor antigen 1s the immunomodulator nterleu-
kin 21 (IL-21), mterleukin 12 (IL-12), or incomplete Fre-
und’s adjuvant. Frederiksen et al., Cancer Immunol. Immu-
nother. 57: 1439-1449, 2008; Gajewska, et al., Clin Cancer
Res. 7(3 Suppl): 895s-901s, 2001, which are incorporated
herein by reference

Immunization with CEA and IL-2 1s used to induce an
immune response against CEA-expressing colorectal carci-
noma cells. Immunization with metastatic melanoma tumor
antigen and IL-21 1s used to induce an immune response
against metastatic melanoma cells. Standard molecular biol-
ogy techniques are used to express the CEA and IL-2 1n a
mammalian cell line. The cDNA sequences corresponding to
CEA and IL-2 are generated using standard polymerase chain
reaction (PCR) amplification and an appropriate cDNA
library or reverse-transcribed mRNA with primers designed
based on the known cDNA sequence of CEA and IL-2 from,
¢.g., the GenBank Database. Benson, et al., Nucleic Acids
Res. 36:D25-30, 2008, which 1s incorporated herein by rei-
erence. All or a portion ol the cDNA sequences corresponding
to CEA and IL-2 are cloned into expression vectors contain-
ing the cytomegalovirus (CMV) promoter (see, €.g., Sigma-
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Aldrich, St. Louis, Mo.). Alternatively, a vector using an
adenovirus expression system or other promoter or viral
expression systems 15 used (see, e.g., Promega, Madison,
Wis.; Clontech Laboratories, Inc., Mountain View, Calif.;
Invitrogen, Carlsbad, Calif.). Alternatively, the cDNA {for
CEA and/or IL.-2 1s obtained from a commercial source, 1n a
mammalian expression vector expressed under control of a
CMYV promoter (see, e.g., Origene, Rockville, Md.).

In some mstances, the cDNA corresponding to CEA and to
IL-2 are incorporated into the same expression vector and
transiected into the mammalian cell line. Alternatively, the
cDNA corresponding to CEA and to IL-2 are incorporated
into distinct expression vectors. The two expression vectors
are transfected simultaneously into the same cells. In this
instance, a single genetically engineered cell line 1s generated
that expresses both CEA and IL-2. Alternatively, the two
expression vectors are transtected into separate cultures of the
same or differing mammalian cells. For example, the CEA
expression vector 1s transiected into one culture of Chinese
hamster ovary (CHO) cells while the IL-2 expression vector 1s
transiected into another culture of CHO cells, creating two
distinct genetically engineered cell lines.

Prior to incorporating the genetically engineered cells 1nto
the bone cages, the relative expression of CEA and IL-2 by the
cells 1s assessed using any of a number of assay systems. The
expression of messenger RNA (mRNA) corresponding to
CEA and IL-2 1s assessed by quantitative PCR, Northern
analysis, 1n situ hybridization, or other methods designed to
assess the presence and/or quantity of a specific mRNA 1n a
cell. The expression of CEA and IL-2 1n the cells 1s assessed
by Western analysis, immunocytochemistry, or other meth-
ods designed to assess the presence and/or quantity of a
specific protein 1n a cell. The secretion of CEA and IL-2 out
ol the genetically engineered cell and into the culture medium
1s assayed using an immunoassay system with 1mmu-
noreagents specific for CEA and IL-2. In an example assay,
the supernatant from the genetically engineered mammalian
cells 1s collected and subjected to analysis by enzyme-linked
immunosorbent assays (ELISAs) specific for CEA and IL-2
(from, e.g., Si1gnosis, Inc., Sunnyvale, Calif.).

The genetically engineered cells expressing the CEA
immunogen and IL-2, or the metastatic melanoma 1mmuno-
gen and IL-21, are injected 1nto the one or more cavities of the
bone cage. The one or more cavities include micro-holes large
enough to allow ditlusion of the immunogen and adjuvant but
small enough to prevent release of the genetically engineered
cells. The number of cells added to each bone cage 1s depen-
dent upon the size of the one or more bone cage cavities, the
number of bone cages to be used for immunization, and the
expression efficiency of the genetically engineered cells. For
example, a bone cage with an internal cavity measuring 1x1x
0.3 centimeters accommodates a volume of 300 microliters of
cells. Assuming a maximum packing density of 0.524 and a
cell diameter of 15 micrometers, as many as 80 million
densely packed cells are incorporated into the bone cage
cavity. The cavity 1s plugged with an additional bone frag-
ment or with another material to immunoisolate the geneti-
cally engineered cells. One or more of the bone cages are
implanted into a subject. The genetically engineered cells are
retained within the confines of the implanted bone cage, while
the expressed CEA and IL-2 are secreted from the genetically
engineered cells and diffuse out of the bone cage and 1nto the
surrounding tissue of the subject.

Example 4

Immunogen and Adjuvant Attached to the Bone
Cage Structure

A device including a bone cage configured to include an
immunogen and an adjuvant 1s delivered into a soit tissue of
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a subject for use as a vaccine against a pathogen 1n the subject.
The device includes a bone cage formed from synthetic or
artificial materials, from excised bone, or from 1n vitro tissue
engineering. The device includes one or more immunogens
and/or adjuvants that are bound to one or more surfaces of the
bone cage. The immunogen and/or adjuvant are attached
either by adsorption or by chemical crosslinking, e.g., by
covalent or 1onic bonding to the surface of the bone cage. The
immunogen and/or adjuvant are released over time from the
surface of the bone cage and induce an immune response 1n
the subject.

The immunogen 1s any of a number of pathogen specific
antigens. For the purposes of this example, the immunogen 1s
one or more peptide mimotopes directed against the HBs
antigen associated with hepatitis B virus and the surface
antigen lipooligosaccharide (LOS) associated with infectious
bacteria such as Haemophilus influenzae. The adjuvant
includes one or more of aluminum hydroxide, aluminum
phosphate, or potasstum aluminum sulfate. The peptide
mimotopes are generated by screening an LOS-specific anti-
body and/or an HBs antigen-specific antibody against a
phage-display peptide library expressing random peptides.
See, e.g., Hou & Gu. J. Immunol. 170: 4373-4379, 2003,
which 1s incorporated herein by reference. An antibody that
specifically recognizes the Haemophilus influenzae LOS 1s
generated using standard methods. The antibody 1s used to
coat the surface of 96-well plates and a commercially avail-
able phage-display peptide library ({from, e.g., New England
Biolabs, Beverly, Mass.) 1s added to the wells. The plates are
washed with buffered saline and phage adhering to the anti-
body-coated plates are eluted, amplified, and subjected to
additional rounds of screening against the LOS antibody. The
subsequent rounds of screening continue until phage display-
ing peptides of sullicient aflinity are identified. Once 1denti-
fied, the one or more high affinity peptides are synthesized
using a commercially available peptide synthesizer (e.g., ABI
433 A Peptide Synthesizer from Applied Biosystems, Inc.,
Foster City, Calit.).

The peptide mimotope 1mmunogens generated as
described are attached to one or more surfaces of the bone
cage. The immunogen and an adjuvant are crosslinked to the
bone cage using a bisphosphonate linkage. In general, bis-
phosphonates bind to the mineral component of bone and are
used as anti-resorptive therapy for the treatment of osteoporo-
s1s. Aminomethylene bisphosphonic acid (aminobisphospho-

nate) 1s modified with ligands and used to attach biomol-
ecules to the surface of natural bone or hydroxyapatite. See,
e.g., Ehrick etal., Bioconjug. Chem. 19:315-321, 2008, which
1s incorporated herein by reference. Aminobiphosphonate 1s
synthesized by combining dibenzylamine, diethyl phosphate,
and triethyl orthoformate to form N,A-dibenzylamine-bis-
phosphonate. The latter intermediate 1s treated with Pd/C and
hexane to deprotect the amine. The ester groups are hydroge-
nated with aqueous hydrochloric acid to generate the final
product. The aminobisphosphonate 1s functionalized with
succinimidyl 4-hydrazinonicotinate acetone hydrazone that
converts primary amines to hydrazinopyridine moieties
(from, e.g., Thermo Fisher Scientific Inc., Rockiord, I11.). The
peptide mimotope immunogens are functionalized with suc-
cinimidyl 4-formylbenzoate that converts primary amines to
benzaldehyde moieties (from, e.g., Thermo Fisher Scientific
Inc., Rockiord, Ill.). Conjugation 1s completed by combining
the functionalized aminobisphosphonate and the functional-
1zed peptides 1n butfered solution (pH 4.7-7.2) for 1-3 hours.

Bisphosphonate 1s also be functionalized using azide-alkyne
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click chemistry as described by Skarpos, et al., Org. Biomol.
Chem. 5:2361-2367, 2007 which 1s incorporated herein by

reference.

The peptide-bisphosphonate conjugate in phosphate buil-
ered saline 1s incubated with one or more bone cages for 1 to
24 hours. Longer incubation times are used to ensure efficient
binding of the peptide-bisphosphonate conjugate to the bone
cage. The adjuvant, one or more of aluminum hydroxide,
aluminum phosphate, or potasstum aluminum sulfate, 1s
optionally linked to the surface of the bone structure using a
similar protocol or 1s incorporated mto one or more cavities 1n
the bone cage.

Example 5

Temporal Release of Immunogen/ Adjuvant from
Device Including Bone Cage

A device including one or more bone cages configured to
include one or more immunogens and one or more adjuvants
1s delivered to a subject to treat pathological condition 1n the
subject. The device 1s delivered to a subject for use as a
vaccine against a pathogen, cancer, or tumor in the subject.
The device 1s implanted nto a soft tissue, e.g., subcutane-
ously or intramuscularly, in the subject. The device including
the bone cage 1s formed from synthetic or artificial materials,
from extracted autologous, allogeneic, or Xxenogeneic bone,
or from bone progenitor cells cultured on an appropriate
matrix.

The device including the bone cage 1s generated from
biocompatible and/or implantable artificial bone substitutes
containing metals, ceramics and/or polymers. The bone cage
1s generated using hydroxyapatite, a calcium/phosphate
ceramic, either alone or in combination with other agents.

Temporal release of the one or more immunogens and the
one or more adjuvants from the bone cage i1s controlled by
using a biodegradable hydrogel. Depending upon the compo-
sition of the hydrogel containing the immunogen and the
adjuvant, the device including one or more bone cages will
release the composition of immunogen and adjuvant over a
period of time from 2 to 24 hours up to as long as 18 to 24
months. In an aspect, an immunogen derived from an infec-
tious pathogen 1s formulated with poly(DL-lactide-co-gly-
colide) (PLGA) to generate microspheres with slow release
properties. See, e.g., O’Brien, et al., J. Dairy Sci. 79:1954-
1959, 1996, which 1s mcorporated herein by reference. An
immunogen, such as, for example, a lysate of bacterial cell
wall components 1s emulsified with copolymer PLGA (from,
¢.g., Sigma-Aldrich, St. Louis, Mo.) dissolved 1n dichlo-
romethane using a homogenizer. The emulsion 1s either fur-
ther emulsified with polyvinyl alcohol solution to produce
small microspheres (<10 microns) or poured drop-wise into a
polyvinyl alcohol solution to produce larger microspheres
(>20 microns). The solvent 1s evaporated overnight at room
temperature and the microspheres are washed 1 water and
lyophilized. Release of the immunogen from the micro-
spheres 1s optionally assessed prior to 1nsertion into the bone
cage by placing the microspheres in phosphate butlered
saline at 37° C. and performing weekly measurements on
supernatant samples for the presence of the immunogen. An
adjuvant, e.g., complete Freund’s adjuvant (CFA), 1s simi-
larly encapsulated 1n PLGA, either in combination with the
Immunogen or in separate particles.

The microspheres are loaded into the one or more cavities
of the bone cage. The number and/or volume of microspheres
loaded 1s dependent upon the internal size of the bone cage.
For example, a bone cage with internal dimensions of 1x1x1
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millimeter accommodates a 1 microliter volume of micro-
spheres. Assuming a microsphere diameter of 10 micron and
a maximal packing density of 0.524, the 1 microliter internal
volume of a bone cage could accommodate as many as 1
million microspheres containing the immunogen and/or adju-
vant.

Example 6

Triggered Release of Immunogen/ Adjuvant from
Device Including Bone Cage

The release of one or more immunogens and one or more
adjuvants from a device including one or more bone cages 1s
triggered 1n response to changes 1n the immediate environ-
ment of the implanted device. The trigger 1s a general change
in the environment such as a change 1n pH, temperature or
osmolality. Alternatively, the trigger 1s one or more specific
biomolecules associated with a pathogen, cancer cell, or
tumor cell. Examples of a physiological change further
include, but are not limited to, increases in concentrations of
endogenous compounds 1n the subject such as radical oxygen
species, cytokines, nitric oxide (NO), anti-microbial pep-
tides, or pro-inflammatory molecules. Controlled release of
the immunogen and/or adjuvant in response to the trigger 1s
mediated through a stimulus-responsive gel associated with
the bone cage. Alternatively, controlled release of the immu-
nogen and/or adjuvant 1s mediated by a genetically engi-
neered stimulus-responsive cell line incorporated into the
bone cage.

Triggered release of the immunogen 1s controlled using
stimuli-responsive cells 1n which a pathogen, cancer cell, or
tumor cell or parts thereof interact with a receptor on the
surface of a genetically modified cell and trigger synthesis of
an immunogen through a receptor-mediated signaling event
linked to an expression vector encoding the immunogen.

The cells incorporated into the bone cage are genetically
engineered to include a receptor that 1s responsive to the
trigger and 1s linked to the expression of the immunogen
and/or adjuvant. Examples of expression systems that are
linked to receptor activation by a trigger include those linked
to signaling through interferon regulatory factors activatin-
gan interferon promoter, e.g., IFNa4. See, e.g., pNiFty2
inducible promoters from InvivoGen, San Diego, Calif.;
Roger, etal., Biochem. J. 38°7:355-365, 2005, which are incor-
porated herein by reference. The cells include a plasmid
expressing the immunogen and/or adjuvant includes the
mouse IFNf minimal promoter, which comprises several
positive regulatory domains (PRDs) that bind different coop-
erating transcription factors such as NF-kB, and interferon
regulatory factor IRF3 and IRF7. Expression of IFN3-SEAP
coexpressing the immunogen and/or adjuvant with constitu-
tively activated interferon regulatory factors IRF3 (salRF3)
or IRF7 (salREF7)1n transiected cells leads to a strong increase

in 1mmunogen and/or adjuvant expression in the cells.
Braganca I. et al., J. Biol. Chem. 272: 22154-22162, 1997,

Morin P, et al., J Mol Biol. 316: 1009-1022, 2002, which are
incorporated herein by reference.

Eachrecited range includes all combinations and sub-com-
binations of ranges, as well as specific numerals contained
therein. Further, all references to specific numerals are meant
to be approximate, and not limiting. For example, a phrase
such as “approximately 1 nm to 100 nm, 200 nm, 300 nm or
400 nm” 1s intended to mean approximately 1 nm to approxi-
mately 100 nm, approximately 200 nm, approximately 300
nm or approximately 400 nm. The words “approximately”
and “about” are used interchangeably herein.
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All publications and patent applications cited 1n this speci-
fication are herein incorporated by reference to the extent not
inconsistent with the description herein and for all purposes
as 1f each individual publication or patent application were
specifically and individually indicated to be incorporated by
reference for all purposes.

Those having ordinary skill in the art will recogmize that the
state of the art has progressed to the point where there 1s little
distinction left between hardware and software implementa-
tions of aspects of systems; the use ol hardware or software 1s
generally (but not always, 1n that in certain contexts the
choice between hardware and software can become signifi-
cant) a design choice representing cost vs. elliciency
tradeolls. Those having ordinary skill 1in the art will appreci-
ate that there are various vehicles by which processes and/or
systems and/or other technologies described herein can be
elfected (e.g., hardware, software, and/or firmware), and that
the preferred vehicle will vary with the context in which the
processes and/or systems and/or other technologies are
deployed. For example, if an surgeon determines that speed
and accuracy are paramount, the surgeon may opt for amainly
hardware and/or firmware vehicle; alternatively, if flexibility
1s paramount, the surgeon may opt for a mainly software
implementation; or, yet again alternatively, the surgeon may
opt for some combination of hardware, software, and/or firm-
ware. Hence, there are several possible vehicles by which the
processes and/or devices and/or other technologies described
herein can be effected, none of which 1s inherently superior to
the other 1n that any vehicle to be utilized 1s a choice depen-
dent upon the context in which the vehicle will be deployed
and the specific concerns (e.g., speed, flexibility, or predict-
ability) of the surgeon, any of which may vary. Those skilled
in the art will recognize that optical aspects of implementa-
tions will typically employ optically-oriented hardware, soft-
ware, and or firmware.

In a general sense, the various aspects described herein can
be implemented, individually and/or collectively, by a wide
range of hardware, software, firmware, or any combination
thereof can be viewed as being composed of various types of
“electrical circuitry.” Consequently, as used herein “electrical
circuitry” includes, but 1s not limited to, electrical circuitry
having at least one discrete electrical circuit, electrical cir-
cuitry having at least one integrated circuit, electrical cir-
cuitry having at least one application specific integrated cir-
cuit, electrical circuitry forming a general purpose computing
device configured by a computer program (e.g., a general
purpose computer configured by a computer program which
at least partially carries out processes and/or devices
described herein, or a microprocessor configured by a com-
puter program which at least partially carries out processes
and/or devices described herein), electrical circuitry forming
a memory device (e.g., forms of random access memory),
and/or electrical circuitry forming a communications device
(e.g., a modem, communications switch, or optical-electrical
equipment). The subject matter described herein can be
implemented 1n an analog or digital fashion or some combi-
nation thereof.

The herein described components (e.g., steps), devices,
and objects and the description accompanying them are used
as examples for the sake of conceptual clarity and that various
configuration modifications using the disclosure provided
herein are within the skill of those in the art. Consequently, as
used herein, the specific examples set forth and the accom-
panying description are intended to be representative of their
more general classes. In general, use of any specific example
herein 1s also mntended to be representative of its class, and the
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non-inclusion of such specific components (e.g., steps),
devices, and objects herein should not be taken as indicating
that limitation 1s desired.

With respect to the use of substantially any plural or sin-
gular terms herein, those having skill 1n the art can translate
from the plural to the singular or from the singular to the
plural as i1s approprate to the context or application. The
various singular/plural permutations are not expressly set
torth herein for sake of clarty.

The herein described subject matter sometimes illustrates
different components contained within, or connected with,
different other components. It 1s to be understood that such
depicted architectures are merely exemplary, and that in fact
many other architectures can be implemented which achieve
the same functionality. In a conceptual sense, any arrange-
ment of components to achieve the same functionality 1s
clfectively “associated” such that the desired functionality 1s
achieved. Hence, any two components herein combined to
achieve a particular functionality can be seen as “associated
with” each other such that the desired functionality 1s
achieved, irrespective of architectures or intermedial compo-
nents. Likewise, any two components so associated can also
be viewed as being “operably connected,” or “operably
coupled,” to each other to achieve the desired functionality,
and any two components capable of being so associated can
also be viewed as being “operably couplable,” to each other to
achieve the desired functionality. Specific examples of oper-
ably couplable include but are not limited to physically mate-
able or physically interacting components or wirelessly inter-
actable or wirelessly interacting components or logically
interacting or logically interactable components.

While particular aspects of the present subject matter
described herein have been shown and described, i1t will be
apparent that, based upon the teachings herein, changes and
modifications may be made without departing from the sub-
ject matter described herein and 1ts broader aspects and,
therefore, the appended claims are to encompass within their
scope all such changes and modifications as are within the
true spirit and scope of the subject matter described herein.
Furthermore, 1t 1s to be understood that the invention 1s
defined by the appended claims. It will be understood that, 1n
general, terms used herein, and especially 1n the appended
claims (e.g., bodies of the appended claims) are generally
intended as “open” terms (e.g., the term “including” should
be interpreted as “including, but not limited to,” the term
“having’” should be interpreted as “having at least,” the term
“includes™ should be interpreted as “includes but 1s not lim-
ited to,” etc.). It will be further understood that if a specific
number of an introduced claim recitation 1s intended, such an
intent will be explicitly recited in the claim, and 1n the absence
of such recitation no such intent is present. For example, as an
aid to understanding, the following appended claims may
contain usage of the introductory phrases “at least one” and
“one or more” to introduce claim recitations. However, the
use of such phrases should not be construed to imply that the
introduction of a claim recitation by the indefinite articles “a”
or “an’ limits any particular claim contaiming such introduced
claim recitation to mventions containing only one such reci-
tation, even when the same claim includes the introductory
phrases “one or more” or “at least one” and indefinite articles
such as “a” or “an’’; the same holds true for the use of definite
articles used to introduce claim recitations. In addition, even
if a specific number of an introduced claim recitation 1is
explicitly recited, such recitation should typically be inter-
preted to mean at least the recited number (e.g., the bare
recitation of “two recitations,” without other modifiers, typi-
cally means at least two recitations, or two or more recita-
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tions). Furthermore, 1n those instances where a convention
analogous to “at least one of A, B, and C, etc.” 1s used, 1n
general such a construction 1s intended 1n the sense of the
convention (e.g., “a system having at least one of A, B, and C”
would include but not be limited to systems that have A alone,
B alone, C alone, A and B together, A and C together, B and
C together, or A, B, and C together, etc.). In those instances
where a convention analogous to “at least one of A, B, or C,
etc.” 1s used, 1n general such a construction 1s intended 1n the
sense of the convention (e.g., “a system having at least one of
A, B, or C” would 1nclude but not be limited to systems that
have A alone, B alone, C alone, A and B together, A and C
together, B and C together, or A, B, and C together, etc.).
Virtually any disjunctive word and/or phrase presenting two
or more alternative terms, whether 1n the description, claims,
or drawings, should be understood to contemplate the possi-
bilities of including one of the terms, either of the terms, or
both terms. For example, the phrase “A or B” will be under-
stood to include the possibilities of “A” or “B” or “A and B.”

While various aspects and embodiments have been dis-
closed herein, other aspects and embodiments will be appar-
ent to those skilled in the art after reading the above descrip-
tion. The various aspects and embodiments disclosed herein
are for purposes of illustration and are not intended to be
limiting, with the true scope and spirit being indicated by the
following claims.

The mvention claimed 1s:

1. A method for modulating an infectious disease in a
subject comprising

providing a device comprising one or more bone cages

including one or more immunogens, one or more adju-
vants, and a semi-permeable component having a layer
of confluent cells that covers at least a portion of the one
or more bone cages, the semi-permeable component
selectively permeable to at least one of the one or more
immunogens or the one or more adjuvants.

2. The method of claim 1, wherein the one or more bone
cages 1s configured to be non-weight-bearing when implanted
into a soit tissue of a subject.

3. The method of claim 1, wherein providing the device to
the subject 1s effective to prevent or treat the infectious dis-
case 1n the subject 1n need thereof.

4. The method of claim 1, wherein the adjuvant includes a
biologically derived agent.

5. The method of claim 4, wherein the one or more adju-
vants include one or more of microbial derivative, plant
derivative, biomaterial, biodegradable material, partially bio-
degradable material, virosome, lipid, lipopolysaccharide,
lipoprotein, lipopeptide, glycolipid, monophosphoryl-lipid
A/trehalose dicorynomycolate (“Rib1” adjuvant), saponins,
QS21, or squalene, polyoxyethylene sorbitan monooleate and
sorbitan trioleate (MF39), peptidoglycan, glycopeptide, pro-
tein, recombinant (or fusion) protein, insect venom, snake
venom, bacterial toxin, or nucleic acid derivative.

6. The method of claim 1, wherein the one or more adju-
vants include one or more of an endogenous immunostimu-
latory adjuvant, a cytokine, toll-like receptor, toll-like recep-
tor agonist, T-cell stimulatory molecule, or B-cell stimulatory
molecule.

7. The method of claim 6, wherein the toll-like receptor
agonist includes lipopolysaccharide, lipoprotein, lipopep-
tide, flagellin, double-stranded RNA, unmethylated CpG
DNA strand, CpG oligodeoxynucleotides, microbial DNA, or
microbial RNA.

8. The method of claim 1, wherein the adjuvant includes a
synthetically dertved agent.
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9. The method of claim 8, wherein the one or more adju-
vants include a mineral salt, o1l emulsion, particulate adju-
vant, polymer, non-polymeric material, 1norganic material,
organic material, inorganic-organic composite material, non-
degradable material, aluminum salt, aluminum hydroxide,
aluminum phosphate, calctum phosphate, squalene, oil-based
adjuvant, complete Freund’s adjuvant (CFA), mcomplete
Freund’s adjuvant (IFA), or detergent-stabilized oil-in-water
emulsion.

10. The method of claim 1, wherein the one or more 1immu-
nogens include a microbial antigen, viral antigen, parasite
antigen, plant antigen, animal antigen, endogenous antigen,
or synthetic antigen.

11. The method of claim 10, wherein the microbial antigen
1s a bacterial antigen, fungal antigen, or mold antigen.

12. The method of claim 10, wherein the plant antigen 1s an
allergen 1n the subject.

13. The method of claim 10, wherein the endogenous anti-
gen 1S a tumor antigen, atherosclerosis related antigen,
autoirmmune disease related antigen, or obesity related anti-
gen.
14. The method of claim 10, wherein the synthetic antigen
1s a drug.

15. The method of claim 1, wherein the one or more immu-
nogens include protein, lipid, lipoprotein, glycolipid, glyco-
protein, proteoglycan, polysaccharide, or lipopolysaccha-
ride.

16. The method of claim 1, further including providing one
or more cells or tissues encapsulated 1n the bone cage and
configured to produce the one or more immunogens.

17. The method of claim 16, wherein the one or more
encapsulated cells or tissues are configured to be cultured 1n
vItro.

18. The method of claim 16, wherein the one or more
encapsulated cells or tissues include one or more of bacterial
cells, eukaryotic cells, parasite cells, insect cells, mammalian
cells, or yeast cells.

19. The method of claim 16, wherein the one or more
encapsulated cells or tissues are configured to be recognized
as self by a subject within whom the device 1s implanted.

20. The method of claim 16, wherein the one or more
encapsulated cells or tissues include cells or tissues cultured
1n vivo.

21. The method of claim 16, wherein the one or more
encapsulated cells or tissues include cells or tissues cultured
1n vitro.

22. The method of claim 16, wherein the one or more
encapsulated cells or tissues include genetically-engineered
cells or tissues.

23. The method of claim 22, wherein the genetically-engi-
neered cells or tissues express an immunogen including a
bacterial antigen, viral antigen, parasite antigen, fungal anti-
gen, or tumor antigen.

24. The method of claim 22, wherein one or more of the one
or more immunogens or the one or more adjuvants 1s provided
in a form of at least one of biological vector, transfection
vector, viral particle or virus.

25. The method of claim 16, wherein the bone cage sur-
rounds the one or more encapsulated cells or tissues.

26. The method of claim 16, wherein the semi-permeable
component 1s at least partially enclosing the one or more cells
or tissues.

27. The method of claim 26, wherein the semi-permeable
component 1s at least partially surrounded by the bone cage.

28. The method of claim 1, further including providing one
or more cells or tissues encapsulated 1n the bone cage and
configured to produce the one or more adjuvants.
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29. The method of claim 1, wherein at least one of the one
or more immunogens or the one or more adjuvants 1is
adsorbed to the bone cage and configured to be presented to
the tissue of the subject.

30. The method of claim 29, wherein the at least one of the
one or more immunogens or the one or more adjuvants 1s
configured to be covalently bound or ionically bound to the
bone cage.

31. The method of claim 29, wherein the at least one of the
one or more immunogens or the one or more adjuvants are
released into the tissue of the subject in response to an exter-
nal stimulus.

32. The method of claim 31, wherein the at least one of the
one or more immunogens or the one or more adjuvants are
released temporally.

33. The method of claim 32, wherein the at least one of the
one or more immunogens or the one or more adjuvants are
released temporally 1n response to parasite-stage antigens or
in response to a genetic shift in a bacterial pathogen, a viral
pathogen, or a parasite pathogen.

34. The method of claim 32, wherein different portions of
the bone cage are configured to become permeable at differ-
ent rates of release of the at least one of the one or more
immunogens or the one or more adjuvants.

35. The method of claim 1, wherein the device 1s implant-
able.

36. The method of claim 1, wherein the device 1s biocom-
patible.

377. The method of claim 1, wherein the bone cage includes
organic bone, anorganic bone, demineralized bone, or freeze-
dried bone.

38. The method of claim 1, wherein the bone cage 1s micro-
machined.

39. The method of claim 1, wherein the bone cage includes
autologous bone, allogeneic bone, or xenogeneic bone, with
respect to a subject within whom the device 1s implanted.

40. The method of claim 1, wherein the bone cage includes
synthetic bone or artificial bone.

41. The method of claim 1, wherein the bone 1s treated to at
least partially prevent restructuring.

42. The method of claam 1, wherein the bone 1s at least
partially restructured.

43. The method of claim 1, wherein the bone 1s at least
partially resorbable.

44. The method of claim 1, wherein the bone 1s immuno-
genic with respect to a subject within whom the device 1s
implanted.

45. The method of claim 1, wherein the bone 1s non-im-
munogenic with respect to a subject within whom the device
1s implanted.

46. The method of claim 1, wherein the semi-permeable
component 1s at least partially enclosing the bone cage.

4'7. The method of claim 1, further including providing at
least one of polymeric nanoparticles, non-polymeric nano-
particles, or microparticles, incorporating one or more of the
one or more immunogens or the one or more adjuvants nto
the at least one of the particles.

48. The method of claim 47, wherein an average size of the
polymeric nanoparticles, the non-polymeric nanoparticles, or
the microparticles 1s between about 2 nm and 20 um.

49. The method of claim 48, wherein the average size ol the
polymeric nanoparticles, the non-polymeric nanoparticles, or
the microparticles 1s between about 2 nm to 5 um.

50. The method of claim 1, wherein one or more of the one
or more immunogens or the one or more adjuvants 1s provided
in a form of at least one of at least one of microspheres,
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macrospheres, micelles, liposomes, nano-capsules, micro-
capsules, macro-capsules, microbubbles or encapsulated 1n
polymeric shells.

51. The method of claim 50, wherein one or more of the one
or more immunogens or the one or more adjuvants 1s provided
in a form of at least one of anionic lipids, cationic lipids,
halogenated anionic lipids, or halogenated cationic lipids.

52. The method of claim 1, wherein one or more of the one
or more immunogens or the one or more adjuvants 1s provided
in a form of at least one of a solution, a suspension, an
emulsion, a dispersion, or a solid material.

53. The method of claim 1, wherein the semi-permeable
component having the layer of confluent cells are configured
to produce and release the one or more immunogens.

54. The method of claim 1, wherein the semi-permeable
component having the layer of contluent cells are configured
to produce and release the one or more adjuvants.

55. A method for modulating a pathological condition 1n a
subject comprising
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providing a device comprising one or more bone cages
including one or more immunogens, one or more adju-

vants, and a semi-permeable component having a layer
of confluent cells at least partially enclosing the one or
more bone cages, the semi-permeable component selec-

tively permeable to the one or more immunogens and the
one or more adjuvants.

56. The method of claim 55, wherein the semi-permeable
component having the layer of contluent cells are configured
to produce and release the one or more adjuvants.

57. The method of claim 55, wherein the semi-permeable
component having the layer of confluent cells are configured
to produce and release the one or more immunogens.

58. The method of claim 55, wherein the one or more bone
cages 1s configured to be non-weight-bearing when implanted
into a soft tissue of a subject.
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